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SUMMARY 
Investigation into the structural organisation of the eukaryotic 
chromosome, primarily by nuclease digestion, yielded the following 
results: 
Human metaphase chromosomes isolated in bulk and digested with 
micrococcal nuclease retained the nucleosomal organisation of the 
DNA and histones characteristic of interphase chromatin but also 
revealed a higher order of nucleosome arrangement. The nucleosomes 
were arranged into groups of six to ten. This is interpreted as 
biochemical evidence for the solenoid model (Finch and Klug,1976) 
found by X-ray diffraction and electron microscopy. This solenoid 
organisation was found to be sensitive to the chromosome isolation 
conditions (divalent cations and pH). For example, human chromosomes 
isolated at an alkaline pH (10.5) did not display this arrangement. 
The structural integrity of the human metaphase chromosome 
was shown by sequential digestion with protease and nuclease to be 
maintained by chromosomal proteins. 
An analysis of the nucleosome structure of sea urchin chromatin 
demonstrated more similarity in the DNA repeat length of the same 
cell type from different species than different cell types in the 
same species. The size of the DNA repeat length in Echinus esculentus 
blastula nuclei was found to be 190 	10 bp while that of sperm nu- 
clei was 210 ± 10 bp; Psammechinus miliaris blastula was 180 ± 10 bp 
and sperm 220 ± 10 bp. 
An examination of the chromatin structure of actively trans-
cribed genes showed that approximately 20% of the histone gene se-
quences in the genome of sea urchin blastulae were sensitive to di-
gestion by nucleases which cleaved within the nucleosome. The histone 
genes in sea urchin sperm nuclei similarily treated were not select-
ively digested, however. 
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ABBREVIATIONS 
The following are exceptions to recognized abbreviations: 
bp base pairs 
kb kilobase pairs 
cRNA complementary RNA 
eDNA complementary DNA 
DNP deoxyribonucleoprotein complex 
SSC standard saline citrate (0.15 M NaCl, 0.015 M 	sodium 
citrate) 
BSS balanced salt solution 
SDS sodium dodecyl sulphate 
TCA trichloroacetic acid 
FBS foetal bovine serum 
BSA bovine serum albumin 
U units of enzyme activity 
Gi G for gap; the interphase period between the end of 
telophase and the start of DNA synthesis. 
S S for synthesis; the interphase period of DNA replica- 
tion; creates a 4C nuclear content. 
G2 the interphase period between the end of DNA synthesis 
and the beginning of prophase. 
M M for mitosis; the period which begins with cells in 
prophase with a 4C nuclear content and ends in telo- 
phase with two daughter cells each with a 2C nuclear 
DNA content. 
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In 1888, W.Waldeyer, in reviewing what was known about nuclear 
division, was motivated to propose the term chromosome for the struc-
tures seen during mitosis because "they are so important." The bio-
logical importance of chromosomes is attributed primarily to their 
role in assuring the equal distribution of genetic material to daughter 
cells in mitosis and to germ cells in meiosis. In addition, the exis-
tence of many chromomes per cell, as opposed to the situation of one 
chromosome per cell in prokaryotes, allows the cell to manipulate the 
large genome which is characteristic of eukaryotes, and also provides 
the opportunity during meiosis for random segregation of genes, a pro-
cess which increases genetic fitness. Just as important as their role 
as carriers of genetic information is the function of chromosomes in 
maintaining the proper arrangement of genes. A good example of the 
effect of relative gene positions on gene expression is the phenomenon 
of position effect variegation. When a euchromatic fragment is trans-
located by crossing-over to a region of another chromosome which is 
heterochromatic, the translocated fragment becomes genetically inactive 
like the adjacent sequences. Despite this recognized importance of 
chromosomes, their structure in terms of molecular associations is 
largely unknown and poorly understood. This thesis is an attempt to 
analyze chromosome structure and further the understanding of the or-
ganisation of the eukaryotic genome by investigating the structural 
relationship between deoxyribonucleic acid (DNA) and proteins, and by 
examining the arrangement of specific gene sequences. 
The general problem of chromosome structure is to explain how 
the DNA is folded into a compact structure by its association with 
protein. One must also account for the forms which the 'chromosome' 
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takes during the cell cycle and explain how the degree of condensation 
is controlled. Although the 'chromosome' must be envisaged as existing 
throughout the cell cycle, the term chromosome refers only to the nuc-
clear structures seen during mitosis and will be used as originally 
defined by Waldeyer in this thesis; the term chromatin (Flemming,1879) 
will be used to describe the deoxyribonucleoprotein complex (DNP) of 
interphase nuclei. 
Any model for the 'chromosome' must include a structure for inter-
phase chromatin as well as the condensed metaphase chromosome. There-
fore, the model for the organisation of DNA and histones in chromatin, 
as proposed when this thesis was initiated, will be briefly documented 
before considering the less tractible problem of chromosome structure. 
More complete documentation can be found in Elgin and Weintraub (1975) 
and Peden (1976). 
The comparatively large amount of DNA in the eukaryotic genome 
(ca. 5.6 pg of DNA in a human diploid cell compared to Ca. 0.0046 pg 
in E.coli; Lewin,1974) is contained in an interphase nucleus at an 
approximate concentration of 200 mg/ml (Olins and Olins,1972). This 
compression of the DNA is achieved by packaging with histones, the 
basic nuclear proteins. A structural role for histones was implica-
ted by 1) the equal weight of histones and DNA in the nucleus; 2) the 
evolutionary conservation of their amino acid sequences (Stellwagen 
and Cole, 1969); 3) the asymmetric distribution of polar and apolar 
residues in the polypeptide, such that the "basic" regions of the 
histones could accommodate interactions with DNA while the "apolar" 
regions would be available for histone-histone interactions (Bradbury 
et al.,1973); and 4) the absence of major species or tissue specificity 
(Franklin and Zweidler,1977). These observations argue strongly that 
histones perform the same function which involves precise molecular 
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interactions in all eukaryotes. 
The actual arrangement of the histones with the DNA has been 
realized only recently by Kornberg (1974) who accounted for a packing 
ratio of 6.8:1 for DNA in a chromatin fibre by complexing two each of 
the fcur major histones (112A,H2B,H3,H4) with about 200 base pairs of 
DNA. The globular tetramer (H3)2(H4)2 was proposed as a core since 
these histones are extracted last from chromatin with salt (Ilyin et. 
al.,1971), with H2A-H2B oligomers determining the spacing of the tet-
ramers along the fibre. The DNA was thought to "follow some path on 
the tetramer" and to connect the repeating units of tightly packed DNA 
and associated protein. Hi was not involved in forming the repeating 
unit but stoichiometrically there should be one Hi per repeating unit. 
Thus the chromatin fibre was thought to be a flexibly jointed chain of 
repeating units, "rather like beads on a string." 
Kornbergt repeating subunit model for chromatin was based prim-
arily on evidence from X-ray diffraction studies, cross linking of 
histones, nuclease digestion of nuclei, and electron micrographs of 
chromatin. X-ray diffraction measurements of nuclei and isolated 
chromatin produce reflections at 110, 55, 35, 27 and 22 A which has 
been interpretted as indicative of a regular repeat in chromatin every 
iOO A. Neither histone nor DNA alone gives such X-ray patterns 
(Bradbury et al.,1972; Bram and Ris,1971; Luzzati and Nicolaiff,1963; 
Olins and Olins,1972; Richards and Pardon,1970; Wilkins etal.,1959). 
Removing Hi from the chromatin does not affect the X-ray pattern, in-
dicating that Hi is not essential for the repeating unit in chromatin 
(Murray et al.,1970; Kornberg and Thomas,1974). 
Evidence for determining the arrangement of histones within the 
chromatin fibre came from studies on the aggregation of histones in 
solution. Purified histones manifest an inherent ability to form 
specific oligomers in solution (D'Anna and Isenberg,1972a,b,; Kelley, 
1973; Roark et al.,1974; Skandrani et al.,1972; Van der Westhuyzen and 
von Holt,1971). These oligomers can be cross linked in solution or in 
chromatin (Kornberg and Thomas,1974) by treatment with dimethylsuber-
imidate (Davies and Stark,1970), and identified by SDS-polyacrylamide 
gel electrophoresis to determine the specific associations between the 
histones. For example, in solution H3 and H4 form a tetramer and H2A 
and H2B form various oligomers, predominantly dimers. Since the his-
tones, except Hl, are usually in equimolar amounts in chromatin, the 
oligomer proposed by Kornberg contained the tetramers (H3)2(H4)2 and 
(H2A)2(H2B)2 and defined the structural repeating unit. 
The amount of DNA involved in the subunit structure, 200 base 
pairs, was derived from digestion of nuclei by endogenous nucleases 
(Hewish and Burgoyne,1973) or exogenous micrococcal ruclease (Noll, 
1974a). In rat liver nuclei Hewish and Burgoyne found that 80% of 
the DNA could be cleaved into fragments of one-to-six multiples of 200 
base pairs by a Ca ++ and Mg 
++
requiring endonuclease. They concluded 
that the discrete DNA fragments seen after electrophoresis in poly-
acrylamide gels arose through restricted endonucleolytic action on 
the nuclear DNA caused by a regular distribution of chromosomal pro-
teins on the DNA. The occurrence of multiples was attributed to 
blockage of potential cleavage sites by non-histone proteins. Noll 
found that exogenous nucleases could cleave 85% of the nuclear DNA to 
pieos of about 200 base pairs. Under partial digestion conditions, 
where not all of the DNA had been converted to a monomer subunit, 13% 
of the DNA was acid-soluble, giving an estimate of the proportion of 
DNA not packaged in the repeating subunit and thus readily accessible 
to the nuclease. 
The spherical or beaded nature of chromatin was confirmed in 
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electronmicrographs of nuclei spread using the Miller technique (Miller 
and Beatty,1969). Previously, chromatin had been observed as networks 
of fibres of 100 R if thin sectioned (Davies,1968; Wolff,1969) and of 
250 A if surface spread (Ris,1969). Dupraw (1965a) observed bumpy 
fibres of 250 A in honeybee nuclei which could be reduced to 25 A (the 
approximate diameter of a DNA duplex) when treated with trypsin. Con-
siderable controversy existed concerning possible artifacts induced by 
different methods of preparation, such as ionic conditions, fixation 
and dehydration conditions. Therefore the development of a procedure 
by Miller good enough to visualize nucleolar transcription in amphib-
ian oocytes enabled Woodcock (1973) and Olins and Olins (1974) to 
maintain the morphology of chromatin in their preparations for electron 
microscopy. Discrete spherical particles connected by thin fibres were 
found in linear arrays emerging from lysed nuclei giving the appear-
ance of !particles on a string.!  The spherical particle was found to 
be approximately 60 - 80 A in diameter while the connecting fibre was 
between 15 and 30 A wide, the dimension of a DNA duplex. Based on a 
particle molecular weight of 160,000 as calculated from the EM measure-
ments, Olins and Olins proposed that the chromatin particles, named 
(nu) bodies, might consist of two each of the five histones and about 
240 base pairs of DNA. 
Woodcock et al.(1976) determined that the most important require-
ment for the particles to be seen was the hydration of the specimen. 
Drying the chromatin from ethanol, rather than water, destroyed the 
particulate structure. In addition, they discovered that the divalent 
cation concentration determined the degree of condensation or inter-
particle aggregation. 
Another reason why the spherical structure of nucleohistone 
fibres was not observed earlier was suggested by Oudet et al.(1975). 
They found that removing Hi from the chromatin made the fibres easier 
to disperse, reducing aggregation artifacts, and suggesting the involve-
ment of Hi in interfibre organisation. In chromatin depleted of Hi by 
either mild trypsin digestion or salt extraction (600 mM NaCl), 
particles of 125 R, named nucleosomes, were aligned along the chromatin 
fibre with a variable interparticle distance. However, 20 - 30% of the 
chromatin contained long stretchs. of nucleosome-free DNA connecting 
regions where the nucleosomes were as closely packed as in the bulk of 
the chromatin. This fraction was isolated on a discontinuous glycerol 
gradient and identified in the electron microscope. 
The existence of long stretches of naked DNA was also reported 
by Varshavsky et al.(1974). They found that 10 - 20% of the nuclear 
DNA in Hi depleted chromatin of ascites cells had an equilibrium den-
sity identical to that of free DNA. The nucleosome-free DNA was not 
found in nuclei lyzed directly onto a grid (Oudet et al.,1975). How-
ever, it may have been concealed due to poor dispersal of the fibres, 
since naked DNA was found in chromatin containing Hi which was dis-
persed in a low ionic strength buffer. They suggested that the nuc-
leosome-free DNA may be transcribed regions of the chromatin. 
Oudet et al. (1975) and Griffith (1975) established the corres-
pondence between the repeating unit defined biochemically and the 
spherical particle seen in the electron microscope. Oudet et al. ex-
amined the 12S particle generated by micrococcal nuclease digestion 
of chromatin and purified on a sucrose gradient. This monomer sub-
unit was identical in size (129 R) and morphology to the spherical 
chromatin particles or nucleosomes. When the 12S particle was di-
gested with proteinase K, the remaining DNA fibre was found to have a 
length cf 200 base pairs, in agreement with NolPs results (1974). 
Partial digestion of the internuclôsomal DNA, thought to be more 
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susceptible to endonuclease attack, produced "short strings containing 
a few nucleosomes," which could be converted to individual nucleosomes 
by additional digestion. Similar results were obtained by Finch, Noll 
and Kornberg (1975). 
Griffith (1975) confirmed the equivalence of the biochemically 
defined repeating unit and the beaded structure by examining defined 
lengths of chromatin in the electron microscope. Griffith (1975) and 
Louie (1974) demonstrated that the eukaryotic papova viruses, SV40 and 
polyoma, are condensed by histones in the same arrangement as the host 
chromatin. Newly replicated viral DNA molecules in the host cell nuc-
leus are associated with proteins which have been shown to be iden-
tical to the host histones (Frearson andCraford,1972; Fey and Hirt, 
1974). Endonuclease digestion of the polyoma nucleohistone complex 
showed the DNA to have a regular repeating substructure of 200 base 
pairs (Louie,1974). Examination of the SV40 nucleohistone complex in 
the electron microscope revealed a "particles on a string" structure 
when the complex was relaxed in a low ionic strength buffer (Griffith, 
1975). The beads were 110 A in diameter and joined by bridges 20 A 
wide and 130 A long. Most importantly, Griffith was able to measure 
the unit fibre packing ratio in this defined "natural" chromatin. 
The ratio of the contour length of deprc.teinized SV40 DNA, 14,800 A, 
to the contour length of the SV40 minichromosome, 2070 A , gives a 
packing ratio of 7:1. This measurement is in excellent agreement 
with Kornberg's predicted 6.8:1 (200 bp or 680 A of B configuration 
DNA in a structure 100 A). 
Support for the repeating subunit structure has come from neu-
tron diffraction studies of chromatin by Baldwin et al. (1975). The 
advantage of low angle neutron scattering techniques is the ability to 
investigate selectively which component of chromatin is producing the 
F:, 
observed reflections. This is achieved by "contrast matching" the 
scatter from chromatin equilibrated with vapour of various ratios of 
H 
2 
 0 and D20. Baldwin et al. found that the low angle rings of 110, 
55, 37, and 27 A were not due to a single structural repeat and it's 
higher orders (i.e. regular super-coil model as proposed by Pardon 
and Wilkins (1972) to explain their X-ray results), but originate from 
different spatial arrangements cf the histones and the DNA. Although 
the scatter from the proteins is strongest at 110 and 37 A, and the 
scatter from the DNA is strongest at 55 and 27 A, the intensities ob-
served are a result of adding together all the scattering vectors of 
the whole structural unit. These studies suggested a globular unit 
containing a core of histones surrounded by DNA. Hi was found not to 
be involved in the subunit structure producing the low angle rings and 
was thought to be located on the outside of the chain of globular 
units. The reduction in the radius of gyration of Hi depleted chrom-
atin supports the location of Hi on the outside of the DNA coil (Bram 
et al.,1974). 
Conclusive evidence that the DNA is on the outside of the chrom-
atin subunit came from measurements of the radius of gyration of 
isolated subunits (Bradbury et al.,1975; Pardon et al.,1975). In 
separate measurements of the contribution of DNA and protein to the 
radius of gyration of the isolated subunit, a higher value for DNA 
was found. The radius of gyration for DNA was greater than that for 
protein indicating that the mass of the DNA is concentrated towards 
the outside of the nucleosome. The radius of gyration was calculated 
from the slope of the Guinier plot (a semi-log plot of scattering in-
tensity vs h2, which represents varied scattering conditions - angle 
of scatter and wavelength of neutrons). That chromatin particles are 
composed of regions of different scattering intensities is derived 
from the pronounced slope of the (radius of gyration)2 vs 1/p , where 
Pis the difference between the mean scattering density of the chromatin 
particle and that of the buffer. A pcsitive sign of the slope demon-
strates that the radius of gyration for the material with higher scat-
tering density is greater than that for the material of lower scatter-
ing density. 
Additional evidence for the DNA being wound around the outside 
of a histone ccre in the nucleosome is the accessibility of the DNA 
to digestion by DNase I (Noll,1974b). In contrast to micrococcal nuc-
lease and endogenous nucleases which selectively cut between the sub-
units, DNase I exhibits a preference for a limited number of defined 
cleavage sites within the subunit. Analysis of DNase I nuclear di-
gestion products by polyacrylamide gel electrophoresis under non-
denaturing conditions, reveals a rather high background between the 
DNA fragments representing multiples of 200 base pairs. However, an-
alysis of the digestion products on denaturing formamide gels reveals 
an arithmetic series of 10 nucleotides, up to 220 bases. Quantita-
tively, the same fraction of chromatin which Noll previously showed 
to exist in a repeating subunit of 200 base pairs, 85%, exhibits this 
repetitive internal subunit structure. This indicates that the chrom-
atin subunits must be very similar if not identical, in structure. 
Not all of the cleavage sites within the subunit are equivalent since 
the fragment of 80 bases predominates with relatively lower propor-
tions of fragments 60, 100, and 130 bases, until extensive digestion 
converts large fragments to smaller ones. This accessibility of the 
DNA in chromatin was given by Noll as evidence for a model in which 
DNA is on the outside of the chromatin subunit. 
A comparable accessibility of the DNA within the nucleosome to 
micrococcal nuclease was presumably not observed due to the differences 
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in the enzymatic characteristics of the two nucleases. DNase I cleaves 
only one strand of a DNA duplex whereas micrococcal nuclease makes a 
double-stranded break which, for reasons of steric hindrance, it may 
be unable to do when the DNA is complexed with histones in the core 
particle. 
Thus the model for chromatin structure which stimulated this 
thesis research was a repeatirg unit of 200 base pairs of DNA wrapped 
around a core of eight histones. It was established, both by nuclease 
digestion and in the electron microscope, that this was a universal 
structure occuring not only in all animal tissues and cell lines ex-
amined, but also in plants and fungi (McGhee and Engel,1975; Peden, 
1976). Additional experiments and refinements in the nucleosome struc-
ture which have been produced while this thesis was in progress will 
be discussed in the Results and Discussion sections where they are 
relevant to the course of this research. 
The nucleosome structure of interphase chromatin was derived 
from analysis of cells predominantly in G of the cell cycle. For ex-
ample the chicken erythrocyte nuclei in the electron micrographs of 
Olins and Olins (1974), and Oudet et al.(1975) are in G1 (Mitchison, 
1971); unsynchronized cell lines will have a population of cells pre-
dominantly in G1, based on a distribuion which reflects relative 
times in the different stages of the cycle with G1 usually being the 
longest (Puck,1964; Walker,1954); the liver nuclei used by Hewish 
and Burgoyne (1973) and Noll (1974) are also predominantly in G1  
(Mitchison,1971). It is therefore reasonable to investigate not 
only the nucleosome structure of chromatin in different stages of the 
cell cycle, but also possible structural modifications as in actively 
transcribed regions and cytologically distinquishable regions such as 
heterochromatin. 
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Indirect evidence for the existence of the repeating subunit 
structure in S phase comes from the work of Kriegstein and Hogness 
(1974) on DNA replication in Drosophila melanogaster. They found 
that the discontinuous synthesis of DNA proceeds in steps of approx-
imately 200 nucleotides, and also that the rate limiting step in 
chromatin replication is not the actual polymerization reaction but 
fork movement which is restricted by a process involving histones. 
Blumenthal et al.(1973) found an equivalent fork rate in cleavage 
(S phase = 3.4 mm) and cell culture nuclei (S phase = 5 h) and at-
tributed the difference in the length of S phases to the distribution 
of active regions of replication. These results can be accomdated by 
the Kornberg model where the rate limiting histone process involving 
200 base pairs of DNA could be either unpackaging of the nucleosome to 
allow DNA replication or reassembly of nucleosomes after replication. 
The transition of interphase chromatin to metaphase chromosomes 
during the cell cycle, or even structural modifications of interphase 
chromatin, may be mediated by chemical modifications of the histones. 
Post-synthetic covalent modifications of the histones such as phos-
phorylation (Klein-Smith et al.,1966), acetylation (Stevely et al., 
1966), and methylation (Allfrey et al.,1964) have been proposed as 
methods for introducing heterogeneity in the histones. Of the studies 
investigating the relationship between modifications and the cell 
cycle, experiments by Bradbury's group on the phosphorylation of Hl 
is the most complete. Their experiments demonstrate a temporal cor-
relation between phosphorylation of Hi and chromosome condensation 
suggesting that phosphorylation of Hi may be the initiation step for 
mitosis. 
Taking advantage of the highly synchronous nuclear divisions in 
the slime mould, Physarum polycephaluin, Bradbury et al.(1973) measured 
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'pure' DNA adopts when subjected to environmental variations that lead 
to its condensation from a dilute solution of extended molecules into 
relatively compact forms. This type of approach is important for de-
fining the limits or physical constraints on folding and compacting 
DNA. The addition of hydrophilic polymers (e.g. polyethylene oxide) 
creates a DNA-rich phase and a polymer-rich phase due to the immisci-
bility of two polymers in a common solvent. A high concentration of 
DNA in the DNA-rich phase is equivalent to a condensed state. The 
ordered patterns induced in this DNA resemble certain chromosomal 
patterns (dipteran giant salivary chromosomes) even though there are 
no proteins. The models which Lerman feels best explain the optical 
properties of this condensed DNA (birefringence and fluorescence in-
tensity with polarized excitation), is a layering "of parallel helices 
stacked with a slight uniform rotation between the layers," and a more 
or less continuous "backbone of DNA with the bulk condensed in thin 
chain-folded platelets at intervals along the backbone." Studies such 
as these suggest that the general principles governing chromosome con-
densation may be investigated in a situation much less complex than 
the eukaryotic nucleus. 
Although the chemical composition of chromatin isolated from 
interphase nuclei and of isolated metaphase chromosomes is largely 
dependent on the method of isolation and the method of analysis, 
some studies have been attempted on comparisons between the components 
of interphase chromatin and metaphase chromosomes. It is generally 
found that metaphase chromosomes contain relatively more acid-insol-
uble protein and a higher RNA content, which is predominantly ribo-
somal RNA (summarised by Hearst and Botchan,1970). For example, 
Sadgopal and Bonner (1970) have compared the components of inter-
phase chromatin and metaphase chromosomes from HeLa cells. Although 
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the ratio of histones to DNA in metaphase chromosomes is the same as 
in chromatin, there were differences in the proportion of lysine-rich 
histones and arginine-rich histones. Also, a greater number of di-
sulfide bridges in both the histones and non-histone proteins of meta-
phase chromosomes was found, which Sadgopal and Bonner suggest may be 
important for the condensation to a metaphase state. Treatment of 
chromatin with 0.2 N H2SO4 gives an acid-soluble protein extract of 
which 80% is histones. In chromosomes only 62% of the extracted pro-
tein is histone. When the extraction is performed with 0.2 N HCl, 80% 
of the extracted protein is still histone for chromatin, but for 
chromosomes only 32% is histone. They conclude that only 6% of the 
acid-soluble non-histone protein of chromosomes could be ribosomes 
bound during the isolation and therefore this extra non-histone pro-
tein has some other source and an unknown function. While RNA con-
stituted 3.2% of the chromatin, in chromosomes the percentage of RNA 
was 8.7. The question of how much of this RNA, or non-histone protein, 
occurs in vivo in chromosomes cannot yet be answered. This problem 
will be discussed in more detail later in relation to methods of 
chromosome isolation. But despite that problem, the existing compar-
isons of chemical composition of chromatin and chromosomes are too 
superficial to explain the condensation at mitosis. 
In addition to the gross chemical analyses, metaphase chromosome 
structure has been investigated genetically, microscopically, and bio-
chemically, but no generally accepted model for the molecular archi-
tecture exists. In fact, there is no universal agreement about what 
must certainly be the most basic aspect of chromosome structure - 
the number of DNA duplices per chromatid. Only recently has the 
evidence been convincingly in favour of a unineme model for somatic 
metaphase chromosome structure. As reviewed by Wolff (1969) and 
15. 
Prescott (1970), the experiments and arguments cited could be inter-
preted in support of either polynemy or uninemy. These experiments 
and arguments, discussed briefly below, included the microscopic ob-
servations on metaphase and anaphase chromatids, chromosome aberra-
tions induced by irradiation, isochromatid labelling, the frequency 
of sister chromatid exchanges, the structure of lampbrush chromosomes, 
and discussions of renaturation kinetics and genetic maps. In 1973, 
however, Kavenoff and Zimin provided the strongest evidence for a uni-
neme chromosome when they measured chromosome-size DNA molecules from 
Drosophila which could account for the DNA content cf a given chrom-
osome. 
The appearances of both fixed metaphase chromosomes (e.g. in 
Transcandentia;Kaufmann,1926) and live meiotic chromosomes (e.g. in 
the haploid mitoses of Haemanthus endosperm;Bajer,1965) in light mic-
roscope preparations have suggested the existence of half-chromatids, 
that is each anaphase chromatid consists of two double helices ar-
ranged in parallel. Half-chromatids were revealed in Vicia faba root 
tip chromosomes by Trosko and Wolff (1965) using mild trypsin diges-
tion. It has been argued that this apparent separation of a chroma-
tid into two half-chromatids, by inference into two DNA helices, is a 
visual artifact of the well documented spiral coil characteristic of 
chromosomes (Comings and Okada,1973). Additional evidence for half-
chromatid structures was presented in 1971 by Stubblefield and Wray 
in an electron microscopic analysis of distilled water-treated or 
shear distorted chromosomes from Chinese hamster cells. In the dis-
rupted chromosomes, Stubblefield and Wray found the linear continuity 
of the chromatid to be a result of two parallel axial fibres of approx-
imately 500 ft in diameter. It could be argued, though, that in the 
case of shear distorted chromosomes the half-chromatids were artifac- 
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tually induced by disruption of the normal fibre arrangement. 
Cells X-irradiated in prophase or early metaphase manifest aber-
rations at anaphase that have been interpreted as arising from half-
chromatid exchanges. These side arm anaphase bridges, also known as 
pseudochiasmata, appear to be unions between chromatids or,in some ex-
amples, between chromosomes, involving less than the full width of the 
chromatid (Brinkley and Hittleman,1975). The thinness of the bridge 
has been used as evidence for the existence of subchromatid structures. 
Opponents of a polyneme chromosome argue that the thinness of the 
bridge could be a result of stretching due to the tension of the 
bridge (Prescott,1970). Alternatively, the thinness of the bridge 
could be explained as a breakage and reunion of single strands of DNA 
from sister chromatids rather than a union of double strands from two 
subunit helices. In addition, aberrations produced by irradiation in 
G1  are inconsistent with a polyneme chromosome. Irradiations in 
result in both chromatids of the metaphase chromosome possessing a 
particular aberration; that is, the aberration is reproduced by DNA 
synthesis in the daughter chromatid. This behaviour as a single lin-
ear unit before replication has been interpreted as evidence that 
the "chromosome" is one DNA double helix before replication and two 
helices after replication - one helix per chromatid (Prescott,1970). 
Isochromatid labelling of chromosomes at the second post.-
labelling metaphase has also been used as evidence for polynemy 
(Wolff,1969; Prescott,1970). At the first metaphase following label-
ling of DNA for one S period with 3H-thymidine, autoradiographs show 
that both chromatids are labelled. At the second metaphase, as ex-
pected by semiconservative replication, only one of the chromatids is 
labelled (Taylor et al.,1957). Occasionally, both chromatids are 
labelled at the same location. This has been attributed by prthgonists 
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of a polyneme chromosome to the segregation of labelled DNA to each 
chromatid, due to the presence of more than one DNA duplex in chrom-
osomes initially labelled (Wolff,1969). Isolabelling is thought by 
others to be a result of sister chromatid exchange combined with the 
image spread of tritium autoradiography (Prescott,1970). 
Indeed, the frequency of sister chromatid exchanges (SCE) has 
been used to analyze the subunit structure of chromatids. Taylor 
discovered SCE in an autoradicgraphic study of the behaviour of 3H 
thymidine labelled chromatids (1958a) and used the frequency of ex-
changes in consecdttive cell cycles to determine the functional sub-
unit of a chromatid. He reasoned that the exchanges could be ex-
plained either by random rejoining of broken ends where no constraints 
are imposed by the nature of the broken ends, or by restricted re-
joining where rejoining of broken ends is possible only between like 
subunits. Taylor calculated a higher theoretical frequency of SCE for 
random rejoining of a broken end with a broken end within the same 
chromatid or its sister chromatid where there are multiple subunits, 
than for restricted rejoining between broken ends cf like subunits 
where there is one DNA duplex per chromatid. He concluded from his 
results, which indicated restricted rejoining, that the functional 
subunit in a chromatid is a DNA duplex where the opposite polarities 
of the two strands restrict rejoining of broken ends. Since he did 
not find dicentric bridges or unlabelled fragments at the first ana-
phase, Taylor concluded that both strands of DNA in each chromatid 
were involved in the breakage and reunion. Results of similar ex-
periments by other investigators have been inconsistent, providing 
no clear evidence for either random or restricted rejoining of chrom-
atid subunits. Restricted reunion of sister chromatid subunits has 
been confirmed by Tice et al.(1975) in the most recent analysis of 
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SCE. Differential staining of chromatids after incorporation of bromo-
deoxyuridine (Kato,1974; Wolff and Perry,1974) and not radioactive 
labelling was used to detect SCE. Tice et al. concluded that their 
data supported a mononeme chromosome but also suggest that this is 
the simplest explanation and it would be possible to devise a poly-
neme model "several orders of magnitude more complex' to explain 
their results. However, it is not clear that determining the fre-
quency of SCE is a valid method of analyzing subunit structure. 
Taylor's assumptions concerning random rejoining and restricted re-
joining disregard the fact that ultimately even exchanges between 
polyneme subunits must involve the polarity of single strands of DNA 
and hence must be restricted. And if one assumes as Taylor did, an 
equal probability for intra- and inter-chromatid exchanges, then one 
would not expect a higher frequency of SCE in a polyneme chromosome. 
The evidence for a uninemic meiotic chromosome, the lampbrush 
chromosome in salamander oocytes, has been used to argue in favour 
of a uninemic somatic metaphase chromosome. The kinetics of DNase 
produced breaks (i.e. approximately two hit kinetics in the loops and 
four hit kinetics in the axis) indicate a single molecule of double 
stranded DNA in the loop and two molecules in the axis where the two 
chromatids are paired (Callan and Macgregor,1958; Gall,1963). This 
is confirmed in the electron microscope where the loop fibre has a 
diameter of 20-30 A, expected for one double helix and the axis has a 
diameter of 30-50 A, adequate for two double helices (Miller,1965). 
But it is not valid to extrapolate the evidence for a uninemic mei-
otic chromosome to include somatic metaphase chromosomes. Polynemic 
chromosomes have been shown to exist in the nerve ganglia of Drosoph-
ila larvae (White,1973) but one cannot argue that this is sufficient 
evidence for the general occurrence of polyneme chromosomes. Amphibian 
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oocytes or nerve ganglia of Drosophila are highly differentiated cells 
with 'abnormal' cell cycles and specialized chromosome systems. There-
fore, one cannot assume that the chromosome structure found in those 
cells is a universal one. 
The renaturation kinetics of cellular DNA has been used to argue 
for both a unineme as well as polyneme chromosome. The single copy 
sequences have been used as evidence for only one DNA molecule per 
chromatid (Laird,1971) and the repeated DNA sequences have been used 
as evidence for lateral redundancy (Wolff,1969). Unfortunately, the 
'single copy sequences' are not single copy and the repeated sequences 
are not lateral redundancies but tandem duplications. Single copy 
sequences could be 2 copies per haploid genome due to the inaccuracies 
of reassociation experiments and of determination of the genome size 
(analytical complexity). The analyzed repeated sequences such as 
mouse satellite (Southern,1975, 5S and ribosomal RNA genes (Brown 
and Sugimoto, l973), histone genes (Kedes,1976), and tRNA genes (Clarkson 
and Birnstiel,1973) have been shown to exist as tandem repeats. More 
recent hybridization experiments using gene-specific probes of very 
high radioactivity (Bishop and Freeman,1973) have yielded estimates 
of gene numbers in approximate agreement with genetic estimates. For 
example, the estimate of 1.5J3-globin genes per human haploid genome 
from hybridization analysis (Ottolenghi etal.,l975) compares with the 
genetic evidence for one gene per haploid genome (Weatherall and Clegg, 
1972); the estimate of 1.8 -globin genes per human haploid genome 
from hybridization analysis (Old et al. ,1976) compares with the gen-
etic evidence for two genes per haploid genome (Weatherall and Clegg, 
172). 
While hybridization analyses are not accurate enough to distin-
quish convincingly between a unineme and a bineme model for chromosome 
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structure, genetic analyses, e.g. crossover maps and mutational anal-
yses, are sensitive enough to define a single, linear sequence of genes 
along the chromosome. Since arguments have been devised by supporters 
of the polyneme chromosome to accomodate simple linear genetic maps, 
the best evidence for a unineme chromosome is a direct measurement of 
the size of the DNA molecule released from chromosomes. If there is 
only one DNA molecule per chromosome, it should have a molecular 
weight equal to the DNA content of its chromosome. Kavenoff and Zimm 
(1973) measured the size of DNA molecules in lysates of Drosophila 
cells using a viscoelastic technique and obtained results consistent 
with one DNA molecule per chromosome. Since the technique measures 
the size of the largest DNA molecules in solution, Kavenoff and Zimm 
examined the size of DNA molecules from species where the size of the 
largest mitotic chromosome varied, and from strains carrying inversions 
translocations, and deletions which alter the size and morphology of 
the largest mitotic chromosome in the karyotype. Although their esti-
mate of error in the absolute values of molecular weight is ± 30%, 
the relative values of the DNA molecules and the size of the largest 
mitotic chromosomes are more precise and show good correlation. In 
fact, there is good agreement between their determination of the 
molecular weight and Rudkin's (1965) determination of the DNA con-
tent of individual chromosomes b UV absorbance (e.g. D.melanogaster: 
MW of largest DNA 413 x l0, DNA content of largest chromosome 43 x 
io). An inversion strain with a pericentric inversion in chromosome 
3 which alters the arm ratio from 1:1 to 7:1 without changing the 
total length, gave the same molecular weight value as the wild type 
indicating that the chromosomal DNA is continuous at the centromere. 
The results indicate that the DNA runs the full length of the chrom-
osome, although pronase-resistant links other than DNA cannot be ex- 
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eluded. In addition, the yield of chromosome-sized DNA molecules was 
approximately one per chromatid, which is further evidence for a uni-
neme somatic metaphase chromosome. 
In addition to the biochemical evidence of Kavenoff and Zimm, 
evidence for a unineme chromosome as well as for the linear order of 
genes at metaphase comes from McClintock's elegant genetic experi-
ments published in 1939, 1941 and 1942 on the discovery of a chroma-
tid and chromosome breakage-fusion-bridge cycle in maize. The pat-
tern of breakage and fusion of sister chromatids and chromosomes can 
be best explained by a single DNA duplex per chromatid. Her analysis 
of both the cytological behaviour of a broken chromosome and the gen-
etic consequences of its behaviour, demonstrated a developmental pat-
tern of loss of the terminal genes nearer a broken end of a dicentric 
bridge before the loss of genes nearest the centromere, where the rel-
ative frequency of loss reflected established linkage data. 
The cycle was initiated by crossing over at meiosis between a 
normal chromosome 9 and a chromosome 9 which had an irradiation in-
duced inverted terminal duplication in its short arm. When the dup-
licated segment was involved in a three strand double cross over, a 
dicentric chromatid was produced which is the equivalent of two 
chromosomes 9 attached at the ends of their short arms. Breakage of 
this dicentric chromatid during meiotic anaphase resulted in the entry 
of a chromatid with a single broken end into a spore nucleus. In the 
subsequent haploid gametophytic mitoses, the broken end fused at the 
point of breakage with the newly replicated sister chromatid and as a 
result formed a dicentric bridge at the next anaphase, thus propagating 
the cycle. Therefore, the nuclei of the differentiated male or female 
gametophyte (pollen grain and embryo sac, respectively) possessed one 
chromosome with a single broken end. In McClintock's microscopic 
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examination of the microsporocytes in anaphase, 34% showed a chromatid 
bridge, providing the cytological evidence for the cycle. 
The breakage-fusion-bridge cycle was detected genetically by 
variegation of dose dependent phenotypes in the endosperm (see Diagrams 
1 and 2). Following fertilization, two nuclei from the female gameto-
phyte and one from the male gametophyte fuse to form the primary endo-
sperm nucleus. When the nuclei of one of the gametophytes contained 
a chromosome with dominant genes in the arm with a broken end, and 
the other gametophyte contained a normal homologue with the reces-
sive alleles, variegation for those genes was apparant in the fully 
developed endosperm. Following non-median breakages of the dicentric 
bridges, the dominant genes were deleted from some nuclei and dupli-
cated in the sister nuclei. For example, the depth of colour (C) is 
dose dependent, that is CCC is darker than CCc > Ccc 	ccc and there- 
fore the duplication or deletion of this gene was detected by the 
variegation in the colour of the aleurone. When additional variega-
tion was seen within variegated areas, the developmental pattern 
showed the loss of the terminal genes before the loss of genes closer 
to the centromere, e.g. where C=coloured or c=colourless aleurone, 
Sh=normal or sh=shrunken endosperm, and Wx=normal or wx=waxy starch, 
no cShwx or cshWx phenotypes were observed, only CShwx, Cshwx, or 
cshwx. 
The gametes produced from nuclei undergoing a breakage-fusion-
bridge cycle were examined in the zygote for evidence of deficiencies 
and duplications in the broken chromosome. A surprisingly high per 
centage of the broken chromosomes delivered to the zygote by the pol-
len (c?) parent had neither a deficiency nor duplication. The relative 
percentages of types of recovered broken chromosomes delivered by the 
male and female gametes were: 
Diagram 1. Breakage - Fusion - Bridge Cycle in Maize 
(after McClintock, 1951) 
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Results in both duplications and deficiencies 
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male gametes 	female gametes 
no deficiencies nor duplications 	47% 	 20% 
deficiency 
	 6% /c u(0/ 
duplication 
	 47% 	 80% 
These results reflect selection against gametes carrying deficiencies 
or duplications, and the broken chromosomes showing neither deficien-
cies nor duplications must have breaks at positions of previous fusions. 
If one chromatid with a broken end resulting from the breakage-
fusion-bridge cycle was present in a gamete which was passed at fer-
tilization to a zygote nucleus, as opposed to an endosperm nucleus, 
then this broken end "healed" or became saturated after the zygotic 
fusion. The breakage-fusion-bridge cycle then ceased and the repaired 
end was as stable as a "normal" end, producing no variegation in the 
sporophytic tissues, endosperm, or gametes of the succeeding genera-
tions. Thus, when McClintock examined plant tissue derived from a 
kernel manifesting variegated endosperm (e.g.Ccc), no variegation was 
seen in either the somatic diploid tissue or in the kernel of the next 
generation. This cessation of the cycle by "healing" in a zygote 
nucleus and not in the endosperm nucleus was presumably an "environ-
mental effect" since there was nothing to suggest a difference be-
tween the chromosomes of the gamete nuclei participating in zygotic 
fusions rather than endosperm fusions. 
If instead of only one chromatid with a broken end, two chrom-
atids with broken ends were delivered to the zygote nucleus, one from 
each parent, then a chromosome type of breakage-fusion-bridge cycle 
was observed. McClintock devised the following cross to demonstrate 
the chromosome type of cycle, where i=aleurone colour, I=inhibitor of 
colour, wx=waxy starch, Wx=normal starch: 
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one broken 9 chromosome. Four of the plants had received a broken 9 
from each parent but fusion had occurred with the broken end of a 
chromosome other than that of the chromosome 9 introduced. In each 
case the broken end of the second 9 had no unsaturated end with which 
it could unite, and as expected, healed. 
The detail and emphasis being given to McClintock's genetic ex-
periments on a chromatid and chromosome breakage-fusion-bridge cycle 
in a review on chromosome structure is justified because of the un-
paralled significance of her results which have been neglected in 
previous reviews. Her experiments demonstrate conclusively the main-
tenance of the linear order of genes at metaphase. During the break-
age-fusion-bridge cycle, the loss of genes in a sequence which was 
anticipated on the basis of independent linkage data obtained prim-
arily from recombination events, indicates that despite the highly 
condensed metaphase state, the relative positions of the genes are 
maintained. This point will become important later when considering 
various models for the organisation of DNA in the chromosome. 
The breakage-fusion-bridge cycle also provides stronger evidence 
than sister chromatid exchanges or isochromatid labelling that chrom-
osomes behave as if there is one DNA duplex per chromatid. If there 
were two DNA duplices per chromatid, then instead of repeated fusion 
of a chromatid with its newly replicated sister to produce dicentric 
bridges, an intrachromatid reunion would be expected. More impor-
tantly, the broken ends in the chromosome of a zygote nucleus would 
not be expected to "heal" since an intrachromatid reunion would be 
possible between the two DNA duplices as proposed in the bineme model. 
The demonstration that broken ends fuse rather than "heal" in the 
zygote nucleus when there is another set of broken ends, which may or 
may not belcng to the homologue, makes it extremely unlikely that 
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there is more than one DNA duplex per chromatid. 
A genetic analysis such as McClintock's is probably the best way 
to examine the functional aspects of chromosome structure and gene or-
ganisation, but some information about the organisation of DNA and 
proteins at mitosis can be obtained from microscopic examinations of 
the metaphase structures. The observations made on chromosomes sub-
jected to various treatments have in fact provided most of the in-
formation utilized in formulating models of chromosome ultrastructure. 
These treatments of chromosomes include staining and dye binding, 
manipulating the ionic environment, digestion by proteases and nuc-
leases, and reactions with specific probes such as fluorescent anti-
bodies to histones and radioactive nucleic acids. 
Aside from the centromere, the primary constriction, the most 
obvious structural feature of metaphase chromosomes is a spiral coil 
visible in light as well as electron microscopes. The spiral struc-
ture can be enhanced by application of a solution containing KC1, 
KSCN, and NaNO3 (Ohnuki,1968). This procedure separates the gyres 
of the spiral enabling Ohnuki to determine that the direction of 
coiling (right or left handed) is random for homologues but that the 
number of gyres is constant in homologousichromosomes, even in dif-
ferent cells. Reversals of the direction of coiling may occur at 
the centromere and occasionally along the length of the chromosome. 
Although a single spiral coil is insufficient alone to explain the 
shortening of the chromatin which takes place during prophase, it 
certainly must be considered as a feature of "quaternary structure" 
in a model of chromosome ultrastructure. 
Another prominent characteristic of fixed chromosomes is a 
banding pattern unique to each chromosome in the haploid set. These 
patterns are generally thought to represent regions in which the 
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chromatin is accumulated due to increased coiling of the DNA and there 
is some evidence to indicate that they correspond to the spiral ar-
rangement mentioned above (Kato and Yosida,1972). The bands are vis-
ible with phase contrast and with Nomarski optics in which the bands 
appear as elevations on the chromosome surface (Wang and Federoff, 
1973). Burkholder (1975) in an electron microscopic analysis of the 
band regions of Chinese hamster chromosomes found a progressive pat-
tern of chromatin dispersal during trypsin treatment which first af-
fected the interbands and subsequently the band regions. This indi-
cates that the bands represent areas of packed chromatin fibres which 
are relatively more resistant to unfolding and dispersion. The higher 
concentration of DNA in band regic.ns was shown by Feulgen staining in 
Chinese hamster chromosomes (Kato and Moriwaki,1972) and by ultravio-
let (260 nm) microscopy of L cell chromosomes (McKay,1973). Although 
it seems reasonable that the histone/DNA ratio would be constant for 
the basic fibres of the chromosome and hence give a higher concentra-
tion of protein as well as DNA in the band region, there is some evi-
dence to suggest that this is not the case. Bustin etal.(1976) in 
studies with fluorescent antibodies to histones have shown an even 
distribution of histones along the chromosome. However, it may be 
possible that in a highly condensed band region all of the histones 
may not be accessible to antibodies. But the fact that there is a 
higher, concentration of DNA in the bands eliminates the possibility 
of protein deposition alone being responsible for the bands. 
Although the bands can be observed without any post-fixation 
treatment, it is difficult to determine whether the bands are induced 
by the methods used to prepare the chromosomes. Standard procedures 
involve hypotonic swelling of cells to disperse the chromosomes fol-
lowed by fixation before spreading. The bands are not dependent on 
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the composition of the hypotonic medium since phase bands are seen 
after swelling in different types of hypotonic solution (McKay,1973), 
even though the ionic environment has been shown to influence the 
structure of the chromosome. For example, the absence of divalent 
cations (either incubation in distilled water or EDTA) produces a 
"collapsed morphology" which can be reversed to a normal state by 
replacement of the divalent cations (Gormley and Ross,1972). However, 
the collapsed state is generated by the surface tension forces of air 
drying since critical point drying after EDTA treatment does not dis-
rupt the chromatin (McKay,1973). Also, fixation in alcohol-acetic 
acid does not have an essential role despite the possible acid ex-
traction of the histones since phase bands are seen after stabilizing 
the chromosomes with uranyl acetate (Moses, as quoted by Solari,1972). 
The most convincing evidence that the bands exist in vivo and are 
manifestations of the structural organisation of the chromosome is 
their correspondence with meiotic chromomeres of pachytene chromosomes 
(Ferguson-smith and Page,1973; Comings and Okada,1975). Chromomere 
patterns (the alternating wide and narrow regions of meiotic chromo- 
b IIJ 
somes; Callan and Lloyd,1960) are 4constant for each chromosome, aird 
are thought to be the result of differential condensation along the 
(C.JIo, 	it) 
length of the chromosomeA.  However, the functional significance of 
chromomeres is debatable, with the popular hypothesis of one chromo-
mere corresponding to one gene lacking convincing evidence (Lewin,1974). 
The phase banding pattern can be enhanced by staining with 
quinacrine dyes (Q bands, Caspersson et al.,1968) and by either incu-
bation in 2xSSC at 60C (Sumner et al.,1972) or mild trypsin digestion 
(Seabright,1971) followed by staining with Giemsa (G bands). Giemsa 
reverse banding (R bands, Schested,1974) can be generated by incuba-
tionin 1 M Na2HPO4 at 88°C. Prolonged treatment under conditions 
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which normally produce G bands or incubation in hydroxide solutions 
will result in intensely stained centromeric regions with pale, uni-
formly stained chromosome arms (C bands, Arrighi and Hsu,1971). Even 
though there is no unifying explanation of how the chromosome struc-
ture generates the different banding patterns, there is little disa-
greement that the bands are a result of the state of the DNA in its 
local interactions with chromosomal proteins, and two generalizations 
can be made. Firstly, after Q or G banding, the heterochromatic X 
chromosome displays the same banding pattern as its euchromatic homo-
logue. This implies that its inactivation to yield facultative hetero-
chromatin does not alter those features of ultrastructure producing 
the banding pattern. Secondly, the dense staining of the centromeric 
heterochromatin and absence of staining in the chromosome arms charac-
teristic of C banding implies that there may be some substantial dif-
ference between the organisation of euchromatin and facultative hetero-
chromatin, compared to constitutive heterochromatin. The presence of 
satellite DNA in the centromere region was at first thought to account 
for C banding after alkali denaturation because of both preferential 
renaturation and cytological hybridization with radioactive satellite 
DNA or complementary RNA (cRNA) made to satellite DNA (Pardue and 
Gall,1970; Jones and Corneo,1971). However, renaturation times which 
allow all of the DNA to renature does not alter the relative stained 
proportions, implying that the single stranded or duplex state of the 
DNA does not determine the reaction with the stain (Stockert and 
Lisanti,1972). C banding is also independent of RNA or histone con-
centration since treatment with RNase and acid extraction do not alter 
the pattern. Thus, as similar experiments have shown for Q and G 
bands, it is not the sequence specificity of the DNA, proteins nor 
RNA which are responsible for banding patterns but the differential 
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condensation of the DNA (Lewin,1974). Treatment with DNase abolishes 
the fluorescence of quinacrine - treated chromatin, while RNase and 
proteases fail to have this effect, confirming that it is the DNA com-
ponent which reacts with the dyes. Gottesfeld et al. (1974) have 
shown that isolated uncondensed chromatin quenches quinacrine fluor-
escence more effectively than either condensed chromatin or unfrac-
tionated chromatin. They also found the association constants for 
quinacrine binding to the various fractions to differ only by a fac-
tor of two and the number of sites available for binding at saturation 
were almost identical. Hatfield et al. (1975) using radioactively 
labelled quinacrine demonstrated that the highly fluorescent human Y 
chromosome does not bind more quinacrine than other less fluorescent 
'D' group chromosomes. These results indicate that Q bands arise 
from differences in protein-DNA interactions and DNA confcrmation 
along the chromatid. 
Electron microscopy has not yielded as much information on the 
architecture of chromosomes as expected. The tight packing of the 
fibres precludes the observation of any possible regular fibre ar-
rangement so that the chromosomes appear as very compact, electron 
dense bodies. Controlled enzymatic disruption has therefore been 
used to analyze the organisation of the fibres. 
The earliest studies using whole mount microscopy of honeybee 
and human chromosomes were by Dupraw in 1965 and 1966. The overall 
morphology of the chromosomes was preserved, namely an obvious prim-
ary constriction and usually a visible spiral coil. Dupraw concluded 
that the chromosome consisted of fibres with an average diameter of 
300 A "tightly and irregularly folded?!  into the characteristic struc-
ture of a chromosome. The fibres often had a !!bumpy appearance with 
the diameter ranging from 200-500 A which was thought tc be the result 
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of the irregular twisting of the fibre. No free ends were visible at 
the telomeres but the number of fibres (estimated from measurements 
of the cross sectional mass) increased to about 100, compared to an 
average of 60 in the body of the chromosome. A reduced number of 
fibres at the centromere was also observed, accounting for the con-
striction. In distorted or stretched chromosomes, the two chroma-
tids appeared to be held together by fibres passing between the cen-
tromeres. 
Abuelo and Moore (1969) obtained similar results with chromo-
somes from human lymphocytes. They found fibres 240 ± . 50 A in di-
ameter with bumpy variations, where the bumps were 350 A and the nar-
rowed areas 140-150 A. In areas of tightly packed fibres a spiral 
configuration was seen. However, the number of longitudinal fibres 
along the chromosome varied between 8 and 16, much lower than that 
estimated by Dupraw, although fewer fibres were again seen at the 
centromere. Fibres passed between arms of sister chromatids as well 
as at the centromere. Digestion with proteases reduced the fibres 
to a diameter of 25-50 A and also produced"beadlike" structures of 
200 A irregularly spread along the thinner areas. Trypsin digestions 
also revealed more clearly the spiral arrangement of the longitudin-
ally aligned fibres. Digestion with DNase at 5 1gg/ml interrupted the 
integrity of the fibre; at 20 ,ug/ml no fibres were observed. 
Stubblefield and Wray (1971) have also investigated chromosome 
structure using whole mounts of lyed mitotic Chinese hamster cells 
and also bulk isolated chromosomes, and oained very differentresults. 
They again found fibres of 250-300 A looping back into the compact 
chromosome mass, and a spiral coil. However, their experiments with 
water or shear-distorted chromosomes have suggested an organisation 
not seen previously. As mentioned earlier, the chromatid was seen to 
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consist of two cohelically wound fibres 400-650 A each, with a beaded 
appearance "characteristic of a highly coiled fibre." This supercoiled 
"axial core" had loops of 250-300 A attached along its length. If a 
chromatid arm was stretched, to as much as six times its normal length, 
then the fibres appeared as a stiff axial core with fine fibrillar 
material attached at regular intervals. The core ribbons could be 
produced after extensive sonication, or extraction with 2 M NaCl 
which resulted in destruction of more than 75% of the DNA, and ap-
peared as two intercoiled "ribbons" consisting of many parallel 
strands 50 A thick. In summary, the structure of a chromatid des-
cribed by Stubblefield and Wray is two half-chromatids, where each 
half-chromatid contains two DNP ribbons wound into a single core 
fibre with many loops of chromatin attached along its length. 
The existence of a core fibre has been challenged as an arti-
fact by Burkholder (1975) and Commings and Okada (1973). Burkholder 
has produced hitherto the most impressive electron micrographs of 
chromosomes showing the banding patterns of Chinese hamster and hu-
man amnion chromosomes. Burkholder found the average diameter of 
fibres looping out of the chromosome to be 250 A, but also found that 
the fibres tended to fuse with one or several other fibres to form 
much thicker fibres. The banded regions were electron dense and con-
sisted of closely packed fibres; the interband regions had an appre-
ciably lower density of fibres. When the chromosomes were treated 
with sodium hydroxide for C banding, no clearly defined fibres were 
ever observed. When prolonged treatment with trypsin was used to gen-
erate C bands, the fibres were more conspicuous and less fused than 
hydroxide-treated fibres, but destruction of the structure was still 
apparent. 
Thus, electron microscopy has yielded little concrete information 
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about chromosome structure that had not been suspected from light mic-
roscope studies, except perhaps for determining the size of the basic 
fibre, 250 A. Nevertheless, it did provide Dupraw (1970) and 
Stubblefield (1973) with a basis for formulating the "folded fibre" 
model and a bineme model, respectively, for chromosome structure. 
These models and their deficiencies will be discussed shortly. 
Another technique which has been disappointing in its yield of 
information about chromosome structure and the organisation of genetic 
material is bulk chromosome isolation. Although several different 
procedures have been developed over the past decade for isolating 
chromosomes primarily from mammalian cells propagated in vitro, the 
anticipated insight into the organisation of the DNA in metaphase 
chromosomes has not been forthcoming. In addition to developing and 
perfecting the isolation procedures, most effort has been directed to-
wards fractionating the chromosomes on the basis of size with an aim 
of assigning specific genetic functions to individual chromosomes and 
also analyzing specific sequences and their interactions with proteins. 
As a consequence, the little information derived from these studies 
has been limited essentially to the gross chemical composition of 
chromosomes and to an analysis of the size of the DNA as dependent on 
the various isolation conditions. It should be emphasized that the 
technical difficulties in obtaining large amounts of chromosomes has 
probably been responsible for the paucity of results obtained so far, 
but that ultimately bulk chromosome isolation in conjunction with 
biochemical and biophysical analyses will probably be necessary to 
explain the molecular arrangement of the eukaryotic chromosome. 
The basic rationale for every chromosome isolation involves col-
lection of mitotic cells, hypotonic swelling to disperse the metaphase 
plate, lysis of the cells without disrupting the chromosomes by 
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homogenization and/or non-ionic detergents, and separation of the chro-
mosomes from nuclei and other sub-cellular contaminants in a buffer 
which will stabilize the chromosomes. There are sixteen different re-
ported bulk-isolation procedures in which the most important varia-
tion is the isolation buffer - its pH and ionic constitution. The 
maintenance of chromosome morphology appears to be the result of a 
synergistic effect between different levels of divalent cations, 
sucrose, and pH for unclear chemical reasons and therefore chromosome 
isolation remains an empirical art. Even though the methods are 
designed to be generally applicable, it is necessary to modify any 
procedure to adapt it to a particular cell type. However, the cells 
chosen for chromosome isolations have usually been established lines 
of hamster, mouse, and human since cells that are permeable to meta-
phase arresting agents and have a short generation time are required 
to obtain a high yield of mitotic cells. 
The following is a comparison of three isolation procedures 
principally used and a summary of the results obtained from them. 
The three chosen are representative in that isolation procedures are 
catalogued on the basis of the pH of the isolation medium; one pro-
cedure discussed utilizes a low pH (pH 3.0, Mendelsohn et al.,1968), 
another neutral pH (pH 7.0, Maio and Schildkraut,1967), and the third 
a high pH (pH 10.5, Wray et al.,1972). The basic methods are shown in 
Table 1. For a historical survey and extensive information see 
Hanson's very complete review on techniques of chromo*some isolation 
(1974). 
The chromosome isolation procedure developed by Mendelsohn et 
al. (1968) utilizes a low pH which is thought to increase their 
resistance to damage. Possible undesirable side effects of this 
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the acid extraction and hydrolysis of proteins (Huberman and Attardi, 
1966), possible depurination of the DNA, and also the aggregation and 
precipitation of materials of high RNA content (ribosomes) which are 
difficult to remove from the chromosomes (Hamilton and Petterman,1959). 
The isolation procedure developed by Maio and Schildkraut (1967) 
was regarded as a major advance due to its successful use of a physio-
logical pH and its demonstrated applicability to a variety of cell 
lines. One disadvantage is that the physiological pH might allow 
nucleases and proteases to be active during the isolation procedure. 
An alkaline isolation procedure was developed by Wray et al. 
(1972) specifically for the purpose of maintaining a high DNA molec-
ular weight in isolated chromosomes. The presence of hexylene glycol 
(2 methyl-2,4 pentanediol) and Ca 	compensates for the destabilizing 
effects of the high pH usually observed. The preservation of DNA mo-
lecular weight is presumed to be due to the inhibition of nucleases 
by the high pH. The high pH may have the disadvantage of extracting 
or denaturing chromosomal proteins. 
Differences in chromosome ultrastructure resulting from the var-
ious preparative procedures have not been very striking. This is not 
surprising because morphology is the usual guide in developing a 
chromosome isolation procedure. The chemical composition of chromo-
somes does, however, vary considerably depending upon the pH of the 
isolation medium. The chemical composition of Chinese hamster chrom-
osomes, expressed as percentage of the total, isolated at pH 3.0 is 
72% protein, 18.5% DNA, and 9% RNA; at pH 7.0, 69% protein, 15.7% DNA, 
and 15.3% RNA; at pH 10.5, the determinations have not yet been made 
(Hanson,1974). Although the proportion of protein to DNA is not 
significantly different, the RNA component varies considerably. This 
variability and the absence of RNA in chromosomes isolated at pH 6.5 
i;,  
in hexylene glycol by Wray and Stubblefield (1970) has led to specula-
tion that the RNA, which has been shown by base composition and size 
to be ribosomal RNA (Salzman et al.,1966;Huberman and Attardi,1966; 
Maio and Schildkraut,1967), is not an in vivo component of the chrom-
osomes but an artifact of the isolation procedure. This is not sup-
ported by cytological evidence such as the presence of RNA on the 
metaphase plate as detected by staining techniques (Mazia,1961). The 
existence of the teIo-oi-tts as an integral part of the chromosome makes 
it likely that nuclear ribosomes and ribosomal RNA remain a part of 
the chromosomes during mitosis. 
The absence of lipids and glycoproteins in the reported chemical 
compositions indicates that isolated chromosomes are not identical 
to the in viva organelles. One might expect membrane components to be 
a part of functional chromosomes since electron micrographs have shown 
that membrane particles are found on chromosomes in situ, that the nuc-
lear envelope apparently reforms around the chromosomes at telophase, 
and that interphase chromatin is attached to the nuclear membrane 
(Dupraw,1970). Not having adequate information about the molecular 
components of chromosomes makes evaluation of the 'quality' of iso-
lated chromosomes and identification of artifacts very difficult. 
The molecular weight of DNA derived from isolated chromosomes 
was reported by Wray et al.(1972) to depend markedly on the isolation 
procedures. Although not all of the isolation procedures were assayed, 
degradation was found to occur when the pH was acidic or neutral but 
not in alkaline conditions. At pH 3.7 (Cantor and Hearst,1966) the 
weight average molecular weight was 36 x 10 with the peak molecular 
weight at 16 x 106;  the corresponding values for pH 7.0 (Maio and 
Schildkraut,1967) were 64 x 
10  
and 1 x io; and for pH 10.5 (Wray 
et al.,1972) 94 x 	and 96 x io6.  The values for the interphase 
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control were 113 x 
10  
and 163 x 
10  
and for the mitotic control were 
137 x 106 and 122 x 106. Wray et al. interpret the lower peak molecu-
lar weight of chromosomes isolated at pH 3 and 7 to indicate that most 
of the DNA is degraded to smaller molecules with some DNA of high mo-
lecular weight retained (high weight average). The molecular weight 
of the DNA from interphase cells (113 x 106)  is four hundred times 
smaller than the molecular weight estimate of Kavenoff and Zimm (43 
x 10; 1973). The lower molecular weight estimate is probably due to 
mechanical breakage during the analysis by Wray et al. even though 
their technique involves gently lyzing cells directly on alkaline 
sucrose gradients. The electron microscopic examinations of these 
chromosomes isolated at various pH's does not reveal degradation in 
the DNA in that the chromosomes contain intact fibres many microns 
long. Wray et al. suggest that the protein associated with the chrom-
osome may be concealing the degradation by keeping the fibres together.  
It may be however, that the DNA is only nicked which does not become 
noticeable unless a single strand molecular weight determaination is 
made. Since the lengths determined by Wray et al. are much less than 
the expected total length of even the smallest chromosome, they argue 
that this supports the idea of a bineme chromosome. 
In summary, the information derived from bulk isolated chromo-
somes, primarily chemical composition, is not extensive nor thorough 
enough to suggest the molecular structure of the metaphase chromosome. 
It is nonetheless, an invaluable technique for future investigations. 
As mentioned earlier, the electron microscopic observations of 
chromosomes gave sufficient information for Dupraw (1970) and 
Stubblefield (1973) to formulate models for the organisation of the 
chromosome. Unfortunately, both of these models are inadequate and 
are not compatible with results from studies on 'functional' gene 
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organisation. Earlier models which propose that the integrity of the 
DNA is broken by some other component are summarised by Lewin (1974). 
Dupraw's folded fibre model (1970) proposes that a single nuc-
leohistone fibre is folded both transversely and longitudinally in 
the chromosome arms. The idea of a folded fibre came from Dupraw's 
electron microscopic observations that there are not free fibre ends 
at the telomeres suggesting that the fibre doubles back on itself. 
Although the folding is imprecise in the sense that the parameters of 
the fibre may vary and it appears to be irregularly packed, the folding 
in sister chromatids and homologues must be identical, suggesting 
characteristic general rules for the packing. The "bumpy" basic fibre 
of the chromosome consists of a narrow 50-110 A fibre (type A fibre 
with a 10:1 packing ratio) which has protein components added and is 
coiled to produce the 230 A fibre (type B fibre with an additional 
6:1 packing ratio to give an overall packing ratio in the fibre of 
56:1). This fibre at metaphase, 300-500 A, has a packing ratio of 
140:1 and is "folded" into the chromosome to achieve an overall packing 
ratio of 12,000:1. Dupraw also proposed that the fibres holding the 
sister chromatids together at the centromere contain DNA sequences 
which have not yet been replicated, implying that the chromatids can 
separate only after a burst of DNA synthesis. 
Dupraw's model can accom'bdate isolabelling —the exchange at 
the telomeres of longitudinally folded fibres resulting in equal 
labelling of the chromatids; and sister chromatid exchanges - the 
exchange of transversely folded fibres; and various aberrations pro-
duced by irradiation (Lewin,1974). However, his model is not readily 
accomodated by McClintock's genetic studies discussed above which 
show maintenance of the linear order of genes at metaphase. In an os-
tensibly randomly folded fibre, the genes which are adjacent at inter- 
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phase would be laterally adjacent to different genes at each metaphase 
increasing the opportunities for exchanges not predictable from the 
linear genetic map. That genes maintain their relative arrangements 
at metaphase was shown by the predictable variegation pattern obtained 
by McClintock. One cannot argue that the tension of the dicentric 
bridge stretched the folded fibre to unit length since cytological ex-
aminations of dicentric bridges do not reveal significant lengthening 
of the chromosome arms. Also, the folded fibre with longitudinal 
folding is not readily compatible with the spiral coil, even though 
Dupraw considers coiling an important element in folding the fibre. 
Stubblefield's model for metaphase chromosome architecture 
(Stubblefieldand Wray,1971; Stubblefield,1973) is diagramatically pre-
sented in Diagram 3. His model is based on electron microscopic ob-
servations on stretched and shear distorted chromosomes discussed a-
bove. He proposes that the chromatid (anaphase chromosome) is binemic 
and consists of two core fibres about 500 A in diameter which are 
helically organised to produce the spiral backbone of the chromosome 
(chromonema). The ends of the chromonema are attached to the nuclear 
membrane. Each fibre is composed of a pair of ribbons of opposite 
polarities, where each ribbon is 50 A thick and 4000 A wide and is 
itself composed of parallel chromatin fibers. Attached to the core 
are loops of chromatin, "epichromatin" which are 250 A supercoiled 
fibres and represent seventy five percent of the chromosomal DNA. 
The epichromatin contains the genes and is attached to the core fibres 
by protein. This "half-chromatid is essentially a unineme containing 
one long DNA molecule?? (Stubblefield,1973). This complex bineme model 
is unacceptable simply because of the balance of evidence in favour 
of a unineme chromosome as discussed previously. 
1 ci 
4 
Diagram 3. Taken from Subblefield and Wray (1971), Chromosoma 
32: 262-294. Model of Chinese hamster mitotic chromosome with the 
arms dissociated to varying extents. 1. Intact chromosome arm 
2. Stretched, showing spiral coil 3. Chromonema and epichromatin 
loops 4. Epichromatin removed and one strand of chromonema unwound 
to demonstrate ribbon core. 
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Thus, one is left without an acceptable model for chromosome 
structure that can explain or at least accomdate the genetic and bio-
chemical evidence, as well as microscopic observations. Our knowledge 
of the probable extremes of chromosome structure - the nucleosome 
structure of interphase nuclei and a spiral coil at metaphase - have 
yet to be combined satisfactorily. It was therefore decided to in-
vestigate the organization of DNA and proteins in bulk-isolated meta-
phase chromosomes utilizing the approach, nuclease digestion, which 
revealed the nucleosome structure of interphase nuclei. It was hoped 
that this approach would confirm the basic nucleosome structure for 
the nucleohistone fibre in metaphase chromosomes and reveal higher 
order organization of this fibre to account for the increased DNA 
packing ratio at metaphase. This thesis describes experiments on the 
micrococcal nuclease digestion of metaphase chromosomes isolated from 
human, mouse, and fruit fly cell lines according to various published 
procedures. The quality of the bulk isolated chromosomes was evalua-
ted by examining the molecular weight of their DNA as well as by ex-
amining their ability to produce G bands. The relationship between 
DNA and proteins at metaphase was also examined at both the cytolog-
ical and molecular levels by sequential digestion with a protease, 
trypsin, followed by micrococcal nuclease and vice versa. 
In addition, this thesis also investigates possible modifica-
tions of the structure of the interphase fibre. To follow the trans-
ition of interphase fibres throughout the cell cycle, nuclei at dif-
ferent stages of the cell cycle were analyzed for the repeating sub-
unit structure by nuclease digestion. The deposition of histones on 
replicating DNA was examined by determining the relative accessibility 
of newly synthesized DNA in S phase. 
To examine the structure of template-active chromatin, the rela- 
41. 
tive accessibility of actively transcribed sequences to nucleases was 
determined. Although cells in culture are the preferred material for 
experiments involving chromosome isolations and synchronized cells for 
cell cycle analyses, to examine the structure of actively-transcribed 
regions, cleavage stage sea urchin embryos provide an excellent system. 
Sea urchin blastulae consist of rapidly dividing cells with a cell 
cycle time of 30-60 minutes. During this rapid cell division, the 
high rate of DNA synthesis (S phase = 13 min at 150 C, Hinegardner et 
al.,1964) requires a correspondingly high rate of histone synthesis 
for chromosomal replication. Therefore, the transcription of the re-
iterated histone genes was chosen as a well characterized system 
(Kedes,1976) for determining if genes that are being transcribed are 
present in the repeating subunit structure. 
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Kodak Ltd. and Ilford Ltd. Ilford Nuclear Track Emulsion was used for 
autoradiography. 
Giemsa (Gurr's R66) was obtained through Searle Diagnostic. 
The chemicals used for the Packard Tri—Carb Sample Oxidizer 306, 
Monophase 40, Carbosorb, and Permafluor V, were purchased from Packard 
Ltd. 
Sea urchins, Echinus esculentus and Psammechinus miliaris, were 
supplied by the University Marine Biological Research Station, Mill—




Culturing of cells in vitro was according to standard procedures 
(Kruse and Patterson,1974; Paul,1975). The following cell lines were 
used: FLA, a human foetal amnion cell line obtained from the Western 
General Hospital, Edinburgh; D98/AH2, a clone of HeLa, which was a gen-
erous gift of Dr. V.VanHeyningen; L929, a mouse cell line obtained 
from Flow Laboratories; and Schneider line 3, a Drosophila melanogas-
ter cell line which was a generous gift of M.Izquierdo, Department of 
Genetics, University of Edinburgh. The human and mouse cells were 
grown as monolayer cultures in modified 199 supplemented with 10% 
foetal bovine serum and incubated at 37 C in an atmosphere of 95% 
air and 5% CO2. The Drosophila cells were grown as monolayer cul-
tures in Schneider's modified medium (Gibco) supplemented with 15% 
foetal bovine serum and incubated at 250 C. These cells were not 
trypsinized for subculturing but detached from the surface with a 
stream of media from a ?asteur pipette. All cells were grown in the 
absence of antibiotics and were routinely screened for mycoplasma in-
fections using the method of Peden (1975). Stocks of cells were 
stored in 5% dimethylsulfoxide in foetal bovine serum in liquid nit-
rogen (Shannon and Macy, 1973). 
Generation time of D98 cells 
An estimate of the generation time for the cells was obtained 
from a growth curve where the increase in cell number was followed 
by triplicate counts using a haemocytometer (Volpe and Eremenko,1973). 
The generation time for D98/AH2 is approximately 18 h as derived from 
the slope of log cell number vs. time as shown in Figure 1A. 
Percentage Labelled Metaphase 	 Cell Number 
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Cell cycle of D98 cells 
A more accurate determination of the generation time and also an 
estimate of the length of G1, S, G was made by determining the per-
centage of labelled metaphases over an interval of time equal to about 
one and one-half generations, after pulse labelling with tritiated 
thymidine (Quastler and Sherman,1959). D98 cells grown in 30 mm petri 
dishes were incubated with 10 tCi/ml 3H(methyl)thymidine (specific 
activity 17 Ci/mmol) for 15 mm. After two rinses with fresh media, 
the cells were chased in media containing 10 ,pM thymidine, which had 
been shown previously not to inhibit DNA synthesis. Every two hours, 
two petri dishes were removed, gently rinsed with Earle's balanced 
salt solution (BSS), and the cells removed from the petri dishes by 
trypsinization. The cells were pelleted at 75g for five min at room 
temperature, washed once with BSS, and fixed in 3:1 methanol-acetic 
acid for 30 min at room temperature. The cells were then spread onto 
gelatine coated slides (0.1% gelatine, 0.01% chrom alum). The dried 
slides were dipped in Ilford L4 emulsion and stored in light-tight 
boxes containing dessicant at 40  C. The exposed slides were developed 
in Kodak D19 for 2.5 mm, rinsed in distilled water (dH2O), fixed in 
undiluted Kodak Rapid Fixer A for 5 mm, washed in dH2O and stained 
for 10 min with Giemsa diluted 1/20 in Sorenson's buffer (M/15 phos-
phate buffer,pH6.8). Most procedures call for processing the petri 
dish or coverslip on which the cells are grown, but that method was 
found to be unsatisfactory because the rounded mitotic cells detached 
during processing for autoradiography. 
The percentage of labelled metaphases at two h intervals after 
labelling is shown in Figure lB. 	The generation time is the time be- 
tween two similar points in the first and second cycle; the time be-
tween zero and 50% labelled metaphases is G2  + 1/  M (half mitotic time 
since cells are scored in metaphase); the time between the two points 
in the first wave where 50% of the metaphases are labelled is S. The 
length of G, = 1/2 M is obtained by subtracting S + G + 1/2   M from the 
generation time (Mitchison,1971). The following values were obtained 
for D98 cells: S = 6 h, G = 3 h, M = 1 (estimated by microscopic ob-
servations), and G1 = 8 h. 
Cell synchronization 
To obtain the quantities of synchronous cells necessary for bio-
chemical analyses, the method of double thymidine blockage at the G1/S 
boundary was chosen (Puck,1964). The accelerated cycle induced by re-
lease from the thymidine block (Barr,1968; Firket and Mahieu,1966) was 
considered an advantage since cells were to be harvested in the dif-
ferent phases of the DNA cycle (5, G2, M, G 1 ) immediately following 
release. It was necessary to determine the optimum concentration of 
thymidine which would reversibly block DNA synthesis. Various concen-
trations of thymidine were added to D98 cells growing in modified 199 
with 10% foetal bovine serum and after two generations the number of 
cells counted. The optimum concentration, 2.5 mM, prevented celldivi-
sion but did not cause cell death, as indicated by no increase or de-
crease in the cell number. 
For synchronization, 2.5 mM thymidine was added for 18 h (1 cy-
cle) which would block cells in G2, M, or G at the G1/S boundary and 
arrest cells already in S. The thymidine was removed for 6 h to allow 
cells to progress through 5, and replaced for 12 h to collect them at 
the G1/S boundary. The generation time following release from thymi-
dine was 16 h. Thus, based on Firket and Mahieu's (1966) observations 
on HeLa cells showing an abbreviated S + G2 , S phase was estimated at 
4 h and G2 at 2 h. Cells were seen in mitosis six to eight hours af-
ter release giving an increased M phase, as reported by Barr (1968) of 
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2 h. 
Isolation of nuclei from synchronized cells 
Nuclei were isolated from cells at different stages of the cell 
cycle using the method of this laboratory which was adapted from var-
ious published procedures (Rickwood et al.,1974; Schildkraut and Maio, 
1968; and Vaughan et al.,1967). Cells were harvested by trypsiniza-
tion (0.05% trypsin in Duibecco-EDTA), poured into 25 ml universal 
bottles on ice containing 1-2 ml of foetal bovine serum and collected 
by centrifugation at 75g for 5 mm. All steps after the initial har-
vesting were performed between 0 and 
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 C. After washing twice in 
BSS, the cells were washed once in 0.01 M Tris-HC1, pH 7.4, 0.002 M 
CaCl2 and resuspended in 10 volumes of the same buffer. The cells 
were allowed to swell for 20 min and were then lyzed by Dounce hom-
ogenization with a B Pestle. Lysis was monitored by phase microscopy 
and usually required 10 up-and-down strokes. The nuclei were pelleted 
at 75g for 10 min and gently resuspended in 1% Triton X-100, 0.25 M 
sucrose, 0.002 M CaCl2, 0.01 M Tris-HC1, pH 7.4 to remove cytoplasmic 
contaminants. The nuclei were pelleted at 300g for 10 mm, washed 
several times in 0.01 M Tris-HC1, pH 7.4, 0.001 M CaC12, and resus-
pended in the same buffer to a concentration of 1 x 10  nuclei/mi. 
Preparation of metaphase spreads 
Mitotic (metaphase) chromosome spreads were prepared from cells 
arrested in 0.01 , g/ml vinblastine sulphate or 0.5 ,ug/ml coichicine 
for 2 h. Vinblastine sulphate was used whenever possible since col-
chicine was found to contract the chromosomes excessively. Mitotic 
cells were shaken from the culture surface, pelleted at 75g for 5 mm 
at room temperature in an MSE 6L centrifuge, and washed once with BSS. 
The cells were swollen in either 0.037 M or 0.075 M KC1 at 
370 
C for 
various times, from 5 to 30 mm, depending upon the cell line, to dis- 
perse the metaphase plate. The cells were then fixed in 3:1 methanol-
acetic acid for more than 1 h at room temperature with at least three 
changes of fixative. The cells were dropped from an Eppendorf pipette 
onto glass slides retaining a thin film of water. (The glass slides 
had been washed in pyroneg and hot water for 30 mm, rinsed in running 
tap water for 30 mm, rinsed and stored in dH2O; 0.J.Miller, personal 
communication.) Slides were stored at least one week before banding. 
G banding of chromosomes 
Metaphase spreads were G banded using the ASG technique of 
Sumner et al. (1971). They were trypsin banded with 0.1 mg/ml of 
Difco 1:250 trypsin in Sorenson's buffer for 2-4 mm. The slide was 
rinsed with Sorenson's buffer and soybean trypsin inhibitor (0.1 mg/ml 
in Sorenson's) was applied for 30 seconds. The slide was then rinsed 
in Sorenson's buffer, stained in Giemsa (diluted 1/20 in Sorenson's 
buffer) for 5 mm, and rinsed in dH2o. The slide was made permanent 
after air drying by dipping in xylene and mounting with DPX (BDH Chem-
icals Ltd.). 
Bulk chromosome isolations 
Cells synchronized by a double thymidine block as described a-
bove were initially used for bulk chromosome isolations. The cells 
were released into S phase in the presence of a metaphase-arresting 
agent. When synchronization was not used, vinblastine sulphate or 
colchicine was added to log phase cells. FLA and D98 cells were col-
lected in metaphase with 0.01g/ml vinblastine sulphate; L cells, 
which rounded up and detached within one hour of adding even very low 
concentrations of vinblastine sulphate, were arrested with 0.5 1ig/ml 
colchicine; Drosophila cells were arrested with 11ag/ml vinblastine 
sulphate. No more than 50% of the Drosophila cells were arrested by 
even higher concentrations of vinblastine, or colchicine, or addition 
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in two doses one-half generation apart as reported by Hanson and 
Hearst (1973). Higher yields of mitotic cells were routinely achieved 
with mammalian cells where enrichment was possible by a mitotic dis-
placement, leaving the interphase cells attached: the percentage of 
mitotic cells for FLA cells was 80%, for D98 cells 90%, and for L 
cells 99%. 
Chromosomes were isolated according to published procedures with 
minor variations: Hanson and Hearst (1973), Maio and Schildkraut 
(1967), Mendelsohn et al.(1968), Wray and Stubblefield (1970), and 
Wray et al.(1972). 
Chromosomes were isolated from Drosophila cells essentially as 
reported by Hanson and Hearst (1973). Their procedure was developed 
specifically for Drosophila cell lines and is a modification of the 
Wray et al.(1972) method. The chromosome isolation buffer contained 
0.05 M sucrose, 0.33 M hexylene glycol, 0.0013 M Cad 2, and 0.001 M 
cyclohexylamino propane sulfonic acid (CAPS) adjusted to pH 10 with 
solid Ca(OH)2. The pH was adjusted prior to the addition of hexylene 
glycol and the buffer was freshly made before use. Mitotic cells were 
pelleted from the culture media at 300g for 5 min at room temperature 
and washed twice in the isolation buffer. The cells were resuspended 
in 5 ml of isolation buffer and cooled on ice for 20 mm. An equal 
volume of cold buffer containing 1.5% Nonidet P-40 was added and the 
cells were homogenized in a cold, siliconized, 15 ml Dounce homogeni-
zer with a B pestle. Lysis of the cells was monitored by phase con-
trast microscopy, and usually required ten strokes. Contaminating 
nuclei were removed by Hanson and Hearst by passage through a 3/ 
Nucleopore filter (General Electric,U.S.A.). This was found to be 
unsatisfactory firstly because of the extremely low yields attained 
after passage through the filter and secondly nuclei cane through the 
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pores as dumb-bell shapes under minimal pressure from a water pump. 
Therefore, muclei were pelleted from the homogenate by centrifugation 
at 300g for 10 min at 0° C. The nuclear pellet was re-extracted and 
the chromosomes pelleted at 2000g for 30 min using a6x165 ml swing-out 
aluminium rotor in an MSE 25 centrifuge. This procedure was not sat-
isfactory due to nuclear contamination, even if differential centri-
fugation and Nucleopore filtration were combined, and also because a 
significant proportion of the chromosomes were isolated as intact 
metaphase plates. However, it was not possible to isolate even nuclei 
using other published procedures, such as the pH 7 buffer of Maio and 
Schildkraut (1967) or the pH 3 buffer of Mendelsohn et al. (1968) be-
cause of serious disruption to morphology. Drosophila nuclei were 
isolated from interphase cells as described above for chromosomes. 
The nuclear pellet was washed two more times in the isolation buffer 
before the final resuspension in the desired volume. 
Chromosomes were successfully isolated in workable yields from 
FLA, D98, and L cells using the pH 7 method of Maio and Schildkraut 
(1967). Cells arrested in metaphase were pelleted and washed twice in 
BSS at room temperature. All subsequent operations were performed on 
ice or at O'C. The cells were resuspended in cold Tris-metals buffer 
(0.02 M Tris pH 7.0, 0.006 M CaCl2, 0.001 M MgCl2, and 0.001 M ZnC12, 
J.Maio, personal communication) and allowed to swell for 20 mm. Five 
percent saponin, filter sterilized, was added to a final concentration 
of 0.05%. After 5 mm, 0.1 M EDTA, pH 7.0, was added to 0.001 M 
(J.Maio,personal communication) and the cells lysed in a 40 ml Dounce 
homogenizer with a B pestle. As always, lysis was monitored micro-
scopically and usually required 20 strokes. The homogenate was di-
luted three fold with Tris-metals containing 0.05% saponin and 0.001 
M EDTA and the nuclei were pelleted at 75g for 10 mm. The pellet 
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was not re-extracted since it was found that the chromosomes from this 
pellet were heavily contaminated with cytoplasmic debris. The chrom-
osomes were pelleted at 3000g for 10 mm. The wash without divalent 
cations in the Maio and Schildkraut procedure was omitted to avoid 
possible disruptions of the native structure since structural altera-
tions were obvious in the absence of divalent cations. The pellet was 
resuspended in 2.2 M sucrose in 0.02 M Tris, pH 7.0, 0.006 M Cad 2, 
0.001 M MgC12, 0.05% saponin, and layered onto the 2.2 M sucrose sol-
ution, leaving an undisturbed cushion at the bottom of the tubes, al-
though the interphase was removed by gently mixing. The chromosomes 
were pelleted after centrifugation at 50,000g for 1 h and were finally 
washed in 0.02 M Tris, pH 7.0, 0.006 M CaCl2, 0.001 M MgC12. Minor 
aggregation problems were encountered with chromosomes from L cells 
but dispersion was usually accomplished by vigorous pipetting with an 
Eppendorf micropipette. The yield of chromosomes from l0- o8  D98 
metaphase cells, as determined by counts in a haemocytometer using 
phase-contrast microscopy, was approximately 30%. 
Chromosomes from D98 cells were also isolated using the high pH 
method of Wray et al.(1972). Metaphase cells were harvested, washed 
once in BSS, and washed once at 4°C in the isolation buffer (1 M hexy-
lene glycol, 0.002 M CaCl2, 0.001 M CAPS, pH 10.5). Although the 
method of Wray et al. requires hypotonic swelling of the cells at 370 
C and lysis of the cells by syringing through a 22 gauge needle, to 
make the procedure more similar to the ones described above, the 
cells were swollen on ice for 20 mm, lysed by the addition of NP-40 
to 1%, and homogenized in a Dounce homogenizer with a B pestle. The 
nuclei were pelleted at 75g for 10 min and the chromosomes sedimented 
by centrifugation at 3000g for 10 min at 40 C. 
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Analysis of DNA molecular weight in isolated chromosomes 
To examine the effects of pH on the molecular weight of DNA from 
isolated chromosomes, the isolation media of Mendelsohn et al.(1968) 
was used but the pH of the isolation medium was adjusted to pH 3.0 or 
pH 5.6. FLA cells in log phase growth were collected in metaphase by 
vinbiastine sulphate and washed with BSS. The cells were incubated 
in 1% sodium citrate containing 0.001 M CaCl2 and 0.001 M MgCl  at 37 
C for 10 mm. The hypotonically swollen cells were pelleted at 75g 
for 5 mm. The cells were lyzed in the isolation buffer (0.1 H sodium 
acetate, 0.1 M sucrose, 0.001 M Cad 2, 0.001 M MgC12 and adjusted to 
pH 3.0 or pH 5.6 with 0.2 N HC1) by vortex mixing; lysis was followed 
by phase contrast microscopy. Although not included in the protocol, 
nuclei were pelleted at 75g for 10 mm. The chromosomes were pelleted 
at 1000g for 30 mm. The RNase treatment of Mendelsohn et al. was 
omitted and the chromosomes were resuspended in the buffer containing 
1% Tween 80 and briefly vortex mixed. The chromosomes were layered 
onto a 15 ml 10 to 40% linear sucrose gradient and spun at bOg for 
60 min at 2 C. Fractionation of the gradient was by hand from the 
top and the fractions containing chromosomes were pooled. 
To examine the effects of isolation conditions on the molecular 
weight of DNA from isolated chromosomes, the isolation media of Wray 
and Stubblefield (1970) was used with the pH adjusted to pH 6.8 for 
human chromosomes (Wray,1973). The chromosome isolation buffer con-
tains 1.0 M hexylene glycol, 0.005 M CaCl2, 0.001 M piperazine -N,N'-
bis(2-ethane sulfonic acid) ("PIPES") adjusted to pH 6.8 with 0.1 N 
sodium hydroxide before the addition of hexylene glycol. FLA cells 
in log phase growth were collected in metaphase by vinbiastine sul-
phate, washed with BSS, and washed with cold isolation buffer at 4°C. 
The pellet was resuspended in cold isolation buffer and divided into 
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two for parallel isolations in the same buffer but using different 
methods. Chromosomes were isolated from one half according to Wray 
and Stubblefield. After resuspension, the cells were incubated at 
370 C in a water bath for 15 min and then lyzed at 37° C by gentle sy-
ringing through a 22 gauge needle. The nuclei were pelleted at 75g 
for 10 min at 4° C and the chromosomes pelleted at 3000g for 10 mm 
at 4° C. 
Chromosomes were isolated from the remaining cell suspension by 
keeping the cells at 4C at all times. After incubating the cells at 
4bC in the isolation buffer for 30 mm, the cells were lyzed with a 
15 ml Dounce homogenizer and a B pestle on ice. The nuclei and chrom-
osomes were pelleted as above. 
DNA was extracted from the chromosomes using a modification of 
the Kavenoff and Zimm (1973) method for obtaining high molecular 
weight DNA. After addition of SDS and a 4 h incubation in heat 
treated pronase in the appropriate buffers according to Kavenoff and 
Zimm, CsC1 was added to a density of 1.71 g/ml and the mixture cen-
trifuged at 33,000 rpm for 60 h at 25° C in an MSE 8x35ml Ti rotor 
(Flamm et al. ,1972). The gradient was fractionated dropwise from the 
bottom, the fractions containing DNA identified by absorption at 260 
nm in a Beckman spectrophotometer, and those fractions pooled and di-
alyzed against 0.01 M Tris, pH 7.5, 0.001 M EDTA. The relative sizes 
of the DNA were then examined by electrophoresis in a 0.6% agarose gel 
as described below. 
Isolation of nuclei 
In experiments where nuclei isolated under the same conditions 
as the chromosomes were required for controls, the nuclear pellet 
from the chromosome isolation was usually adequate. The nuclei were 
washed twice in the isolation media, without detergents, before the 
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final resuspension. For some experiments, nuclei were extracted from 
interphase cells using the buffers and methods described above for 
chromosome isolations. 
Digestion of chromosomes and nuclei with micrococcal nuclease 
Digestion of nuclei with micrococcal nuclease was in the initial 
experiments at 37DC  and subsequently at 4° C to minimize the exonucleo-
lytic activity of the nuclease (Noll and Kornberg,1977). Nuclei were 
resuspended in the appropriate buffer at a concentration of 1 x 108/ml 
and preincubated at 37° C or 4° C for 2 mm. The micrococcal nuclease, 
which was dissolved in the same buffer as the nuclei, was added, and 
the nuclei digested for 5 mm. Digestion of chromosomes with micro-
coccal nuclease was at 37° C at an 0D260 of 2 as described for nuclei. 
Purification of DNA from nuclease digested chromosomes and nuclei 
For extractions of DNA from purified nuclei or chromosomes sev-
eral methods were used. The ones which gave the most satisfactory 
results (least degradation of DNA) were the method of Hewish and 
Burgoyne (1973), a modification of a procedure used for extraction 
of DNA from cell lines (Peden,1976), and for quick, analytical re-
sults, the method of Cryer et al. (1973), as modified by Peden (1976). 
Using the procedure of Hewish and Burgoyne, the following were 
added to nuclei or chromosomes: 0.1 M EDTA (pH 10.5) to 50 mM, 10% 
SDS to 1%, and solid NaCl tolM. After brief vortex mixing, an equal 
volume of water saturated, redistilled phenol was added. The phenol 
extractions were followed by chloroform-octan-2-ol (24:1,v/v) extrac-
tions until there was no visible interphase. The DNA was then pre-
cipitated with 2.5 volumes of ethanol at -20° C overnight. A modi-
fication for small quantities of DNA was dialysis against 1mM EDTA 
(Na 4) at 4° C and concentration by dialysis in 50% polyethylene glycol. 
The method used most frequently involved addition of one fifth 
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the volume of 0.5 M NaCl, 0.1 M EDTA (pH 10.5) and RNase to 20,jg/ml, 
incubation at 37C for 30 mm, and addition of 0.1 volume of 10% SDS 
and pronase to 20 ug/ml (Peden,1976). After a 4 h incubation at 37° C, 
the DNA solution was extracted with phenol, and chloroform-octanol. 
The DNA was precipitated (after increasing the salt concentration to 
0.3 P4) or dialyzed as described above. 
Due to the small quantities of DNA from the chromosomal digests, 
it was usually not possible to accurately determine the yield or a-
mount of DNA being loaded onto gels for analysis. Therefore, the mod-
ification of Cryer et al. (1973) was useful for small quantities of 
chromosomes and for rapid analysis of samples. Two-tenths of the vol-
ume of 5% SDS, 5% sodium lauryl sarcosinate, 5% sodium deoxycholate, 
and 50 mM EDTA (Na 4) was added to lyze the nuclei or chromosomes and 
dissociate the proteins from the DNA. A sample could be electrophor-
esed directly on agarose gels. The use of this method was limited be-
cause of a fluorescent contaminant in the detergents with a mobility 
equivalent to about 200 bp which was obvious when the agarose gel, 
stained with ethidium bromide to detect the DNA, was examined in UV 
light. 
Gel electrophoresis 
Agarose slab gel electrophoresis, usually between 0.6% and 2%, 
was in E buffer (0.036 M Tris base, 0.03 M NaH2PO4, 0.001 M EDTA, pH 
7.9;Loening,1967) as described by Cooke (1975) and Peden (1976). 
Samples were loaded in 5% polyethylene glycol and electrophoresis was 
usually at 2 V/cm. The gel was soaked in ethidium bromide (0.5 g/ml 
in E buffer) at 4'C for 30 min and destained in E buffer for 15 mm. 
The DNA fluorescence was photographed in UV light through a red filter 
onto FP4 film. Joyce-Loeb1 Microdensitometer tracings were from the 
FP4 negative. Polyacrylamide gel electrophoresis was basically ac- 
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cording to Loening (1967,1969) as described by Peden (1976). Dena-
turing polyacrLamide gels were run as described byManiatis et al. (1975A). 
Hybridization to nitrocellulose replica of agarose gels 
The method of Southern (1975b) was used for the transfer of DNA 
from agarose gels to nitrocellulose filters. The nitrocellulose fil-
ter was baked at 80°C in a vacuum oven for 2 h, incubated at 65C in 
Denhardt solution (0.02% ficoll, 0.02% PVP, 0.02% BSA, 6xSSC;1966) 
for at least six hours, and hybridized with a radioactive probe in 
15 ml of Denhardt solution at 650 C for 12 h in a rotating siliconized 
glass tube. The filter was then washed in 2xSSC and 0.5% SDS for 8 h 
at 65° C and processed for autoradiography as described by Arnheim and 
Southern (1977). 
Digestion of DNA with restriction endonucleases 
Restriction enzymes which were prepared according to published 
procedures were the generous gift of Ms B.A.Smith. Incubations with 
DNA were in the appropriate buffers at 37° C for at least 2 h. 
Recovery of DNA from agarose gels 
DNA fragments were recovered from agarose gel slices using the 
potassium iodide method of D.Nathans (unpublished). An equal volume 
to weight of agarose of saturated potassium iodide was added to aga-
rose, dispersed by passage through a 5 ml syringe at room temperature, 
to dissove it (Bun etal.,1976). The DNA was recovered by binding to 
hydroxyatite, equilibrated with potassium iodide. After extensive 
washing at room temperature with 0.01 M phosphate buffer, pH 6.8, 0.001 
M EDTA, the DNA was eluted with 0.4 M phosphate buffer, pH 6.8, 0.001 
M EDTA. The DNA was then dialyzed against 0.2 M NaCl, 0.01 M Tris 
(pH 7.2), 0.001 M EDTA and Dowex 50 at 4° C to remove the ethidium bro-
mide. The DNA was ethanol precipitated and resuspended in 0.01 M 
Tris, pH 7.2, 0.001 M EDTA. 
57. 
Preparation of cRNA 
Preparation of radioactively labelled cRNA was a modification of 
the method of Gall and Pardue (1971). Reaction conditions for 1 pg of 
template DNA were: 25 ,uCi of cc-labelled 
32
P-ribonucleoside triphos-
phate (specific acAtivity 250 Ci/mIVI), 0.5 mM unlabelled ribonucleoside 
triphosphates, 0.14 mM 2-mercaptoethanol, 6.25 mM MnC129 
 150 mM KC1, 
4.6 mM MgCl 
29 
 70 ,uM EDTA, 32 mM Tris, pH 7.9, 2 U (5 1u1) RNA polymer-
ase, and dH2O to 20 pl. After a 45 min incubation at 37C C, 1 jig of 
DNase I was added for an additional 15 min incubation at 37°C. The 
reaction was terminated by the addition of an equal volume of SP Seph-
adex buffer (0.3 M NaCl, 0.2% SDS, 0.01 M NaAcetate, pH 4.5). The 
unincorporated nucleotides were removed by chromatography on a 1 ml 
SP-50 column. Two drop fractions were collected and the excluded 
fractions containing the cRNA identified by Cerenkov radiation and 
TCA precipitability. The peak fractions were pooled, 20 jig of cold 
carrier E.coli tRNA added, and after two phenol and two chloroform-
octanol extractions, the RNA was ethanol precipitated and stored at 
-20° C. The percentage of incorporation was usually around 20% and 
the specific activity of the cRNA was 10 cpm/)lg. 
Nick-translation of DNA 
DNA was radioactively labelled in vitro using the nick-transla-
tion method of Maniatis et al.(1975B) with slightly higher nucleotide 
concentrations. The reaction conditions for 1 jig of DNA were: 10 JIM 
of deoxyribonucleoside triphosphates, at least one of which was x- 32P 
labelled (250 Ci/mM), 10 mM 2-mercaptoethanol, 5 mM MgC129 
 50 mM Tris 
pH 7.8, 1 pl  of DNA polymerase I, and dH2O to 100 p1. 	After a 30 
min incubation at 15° C, 1 jil of 10 pg/mi of DNase I freshly diluted 
into dH2O from the concentrated stock solution, was added for an addi-
tional incubation of 2h. The percentage incorporation, which was lEuaIly 
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Carbo-Sorb, and Permafluor V. This apparatus combusts the sample, 
separates and converts the 3H to H 
2 
 0 and 14 C to 14CO2. The radio-
activities are dispensed in scintillation vials and suitable for im-
mediate counting in a Packard liquid scintillation spectrometer. 
Sea urchin embryo culture 
Sea urchin gametes were shed and fertilized according to stan-
dard procedures (Harvey,1956; Hinegardner,1967). Echinus esculentus 
were shed by injection of approximately 10 ml of 0.5 M KC1 and Psam-
mechinus miliaris with 0.5 ml of 0.5 M KC1, and the gametes collected 
over sea water at 4CC. Artificial sea water according to Horstadius-
Bialascewicz was used: NaCl 25.17 g, KC1 0.65 g, CaCl2 2H2O 1.44 g, 
MgCl 2 6H20 5.78 g, MgSO4 7H20 4.53 g, NaHCO3 0.2 g made to 1 litre; 
the pH was adjusted to 8.0 with 1 N NaOH. The eggs were washed by 
settling through sea water three times, including one acid sea water 
(pH 5.5 with HC1) wash to remove the jelly coat. The eggs were fer-
tilized with sperm (diluted 1/1000) and then washed three times. 
Only eggs showing greater than 95% fertilization and normal develop-
ment were used. The enbryos were grown in sea water containing 200 
mg/l penicillin G and 50 mg/l streptomycin sulphate at 120 C (Echinus) 
and 18° C (Psammechinus) and maintained in suspension by a top driven 
paddle rotating at 90 rpm. Under these conditions the embryos were 
hatched blastulae in 18 h (Echinus) and 12 h (Psammechinus). 
Isolation of nuclei from sea urchin blastulae 
Embryos were harvested by low speed centrifugation (log for 5 
mm) and washed twice in filter sterilized sea water. Nuclei were 
isolated from sea urchin blastulae using essentially the procedure 
of Levy et al.(1975) which is a modification of the method devised 
by Hogan and Gross (1972). Several other methods were tested, in-
cluding Bentinen and Comb (1971), Dubroff and Nemer (1975), and 
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Shutt and Kedes (1974) but were unsatisfactory. Although all of the 
procedures produced morphologically intact nuclei, only the method of 
Levy et al. produced nuclei which gave DNA patterns after digestion 
with micrococcal nuclease which were not excessively degraded. Thus, 
micrococcal nuclease which ultimately was used to investigate chroma-
tin structure was initially used in this study to asess the quality 
of the isolated nuclei. Unfortunately, it was not possible to isolate 
blastulae nuclei containing high molecular weight, undegraded DNA. 
Isolated blastulae nuclei produced a distribution of DNA fragments 
indicative of chromatin subunits. This is readily explained as cleav-
age of the chromatin during isolation by numerous endogenous nucleases 
characteristic of sea urchin embryos (Hogan and Gross,1972). 
The embryos were homogenized in 5 volumes of STC buffer (0.5 M 
sucrose, 0.003 M Cad 2, 0.05 M Tris-HC1, pH 8.0) using a 40 ml Dounce 
homogenizer with a B pestle on ice. Ten strokes disrupted the fert-
ilization membrane and dissociated the embryos into individual cells. 
An equal volume of sterile sea water was added and the fertilization 
membranes removed from the homogenate by a 1 min spin at 300g at 4° C. 
The cells were pelleted at 75g for 10 min and resuspended in three 
volumes of 0.25% Triton X-lOO in STC. Nuclei were liberated by five 
strokes in the Dounce homogenizer and an equal volume of sterile sea 
water added before pelleting the nuclei at 300g for 10 mm. The nuc-
lei were washed in STC/sea water (1:1) twice and once in 0.01 M Tris-
HC1, pH 7.4, 0.002 M CaCl2, and 0.01 M NaCl, before resuspension at 
the appropriate concentration. 
Isolation of nuclei from sea urchin sperm 
Sperm nuclei were isolated from a concentrated sperm suspension 
from the same male sea urchin used to fertilize the eggs for the blas-
tula nuclei preparation. The sperm suspension was diluted 1:10 with 
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sterile sea water and the tails removed from the sperm by twenty 
strokes in a Dounce homogenizer with a B pestle. The sperm heads 
were pelleted at 300g for 10 min and resuspended in 0.5% Triton X-100 
in STC buffer. The sperm heads were lysed after ten strokes in a 
Dounce homogenizer, an equal volume of sea water added, and the nuclei 
collected by centrifugation at 300g for 20 mm. The nuclei were 
washed twice in STC/sea water (1:1) and once in 0.01 M Tris, pH 7.4, 
0.002 M CaCl2, and 0.1 M NaCl, before resuspension at the appropriate 
concentration. 
Digestion of sea urchin nuclei with micrococcal nuclease and DNase I 
The nuclei were resuspended in 0.01 M Tris, pH 7.4, 0.002 M CaC]2  
0.1 M NaCl at a concentration of 5 x 105/ml for blastula nuclei and 
1 x 106/ml for sperm nuclei. After a 2 min pre-incubation at 370 C, 
micrococcal nuclease which was dissolved in the same buffer, was 
added at various concentrations and the nuclei digested for 5 mm. 
Digestion of nuclei with DNase I (20,ug/ml) was at 37°C or 4C 
in 0.01 M Tris, pH 7.4, 6.01 M Nacl, 0.003 M MgCl  at a concentra- 




Analysis of DNA molecular weight in isolated chromosomes 
An analysis of the organization of DNA in metaphase chromosomes 
requires an examination of the molecular weight of the DNA from bulk 
isolated chromosomes to determine the effects of the isolation pro-
cedure upon the DNA. Although Wray et al. (1970) examined the molecu-
lar weight of DNA from chromosomes isolated by various procedures, 
their conclusion that degradation of the DNA is dependent upon the pH 
of the isolation buffer may not be valid. The isolation procedures 
they examined vary not only in pH but also in both the method of lysis 
and purification. Therefore the effects of pH and isolation condi-
tions were examined independently: the molecular weight of DNA was 
compared from chromosomes isolated in the same buffer but at differ-
ent pH values; the molecular weight of DNA was compared from chromo-
somes isolated in the same buffer at the same pH but using different 
methods of cell lysis. The chromosome isolation method of Mendelsohn 
et al.(1968) was used to examine the effects of pH since the sodium 
acetate buffer has roughly equivalent buffering capacities at pH 3.0 
and pH 5.6. The chromosome isolation buffer of Wray and Stubblefield 
(1970) at pH 6.8 was used to examine the effects of two different 
isolation procedures. Chromosomes were isolated as described in 
Methods from FLA cells cultured for 3 days in the presence of 0.1 
pCi/ml of 3H-(methyl)thymidine (specific activity 17 Ci/mM) to uni-
formly label the DNA. The radioactive DNA was purified as described 
in Methods using a modified Kavenoff and Zimm (1973) procedure, and 
the relative sizes of the DNA from chromosomes isolated at pH 3.0, 
pH 5.6, and pH 6.8 by two different methods - syringing at 37° C vs. 
Dounce homogenization at 4C— examined by electrophoresis on a 0.6% 
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agarose slab gel. After electrophoresis the tracks containing the DNA 
were cut into 2 mm slices and the distribution of tritium labelled DNA 
determined using the Packard Tri-Carb 306 Sample Oxidizer. This meth-
od of analysis gives essentially a weight fraction distribution of the 
DNA. The results are shown in Figure 2 where the distribution of DNA 
is presented as a percentage of the total and the arrows indicate the 
position of 3H labelled SV40 DNA types I and II markers (a gift of R. 
Reis). The control 'cell' DNA from metaphase cells was isolated si-
multaneously with the chromosomal DNA preparations. It is obvious 
that the chromosomal DNA has a lower molecularweight distribution than 
the mitotic cellular DNA, but the differences between the molecular 
weight distributions of the DNA from chromosomes isolated at different 
pH values are probably not significant. However, the method of chrom-
osome purification clearly does influence the molecular weight of the 
DNA as indicated by the lower molecular weight distribution of the DNA 
prepared from chromosomes purified by Dounce homogenization at 4° C. 
Therefore, the differences in molecular weights seen by Wray et al. 
are probably not exclusively due to pH but are a function of both the 
buffer and the method of preparation. Nevertheless, the DNA from 
isolated chromosomes is of sufficient size (greater than Ca. 10 
7
dal-
tons) for investigating the organisation of DNA in metaphase chromo-
somes. 
Micrococcal nuclease digestion of isolated human chromosomes 
The structural relationship between DNA and proteins in the eu-
karyotic chromosome was investigated utilizing the approach, limited 
nuclease digestion, which first revealed the subunit structure of in-
terphase chromatin. FLA cells, synchronized by a double thymidine 
block, were collected in metaphase by incubation for 12 h in 0.01pg/ 
ml vinbiastine sulphate and the chromoscmes isolated according to the 
Figure 2. 	Analysis by Agarose Gel Electrophoresis of the Effects 
of Isolation Conditions on the Molecular Weight of the 
DNA from Bulk Isolated Chromosomes. 
Chromosomes were isolated from FLA cells and the DNA 
purified as described in Methods. After electrophoresis 
on 0.6% agarose gel, the distribution of the 3H—label—
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pH 7.0 method of Maio and Schildkraut (1967) as described in Methods. 
The pH 7.0 method of Maio and Schildkraut was chosen because a physio-
logical pH was thought the least likely to produce structural altera-
tions (for discussion see Introduction) and is reported to give higher 
yields of chromosomes. The purified chromosomes were resuspended in 
0.02 M Tris, pH 7.0, 0.006 M CaCl2, 0.001 M MgCl2 to an approximate 
0D260 of 10 and digested with micrococcal nuclease at 90 U/ml at 37°C 
for 5 mm. Nuclei purified from FLA cells were the gift of K.Peden, 
and were resuspended in the same buffer at l08/ml and digested with 
micrococcal nuclease under the same conditions as the chromosomes. 
The reactions were terminated by the addition of SDS to 1% and the DNA 
purified according to the procedure of Hewish and Burgoyne (1973). 
The DNA was analyzed by 2% agarose slab gel electrophoresis and Figure 
3 compares the microdensitometer scans of the micrococcal nuclease 
digest of FLA chromosomes (A) and interphase nuclei (B). The diges-
tion pattern of the chromosomes is quite different from that of the 
nuclei even though both the chromosomes and nuclei were isolated and 
digested in the same conditions. One can conclude that the nucleo-
some subunit structure of chromatin is retained in the metaphase 
chromosomes as indicated by the presence of the monomer, dimer, and 
trimer bands. But in the metaphase chromosomes there is also evi-
dence of higher order organisation of the nucleosomes since the char-
acteristic interphase 'ladder, is not obtained. In addition to the 
monomer, dimer, and trimer bands, also present in the chromosomal di-
gest is a band with a mobility midway between a nuclear tetramer and 
pentamer. There is a very broad band containing the largest percent-
age of the DNA (around 40%) with a mobility range equivalent to that 
of the hexamer through to the decamer. Within this broad band there 
appear to be three peaks which correspond roughly to the nuclear hex- 
Figure 3. 	2% Agarose Gel Electrophoresis of the DNA Fragments 
from FLA Metaphase Chromosomes and Interphase 
Nuclei Digested with Micrococcal Nuclease. 
Chromosomes and nuclei were isolated at pH 7.0 from 
FLA cells as described in Methods and digested with 
micrococcal nuclease at 90 U/ml at 37°C for 5 mm. 
The DNA was purified and analysed by electrophoresis. 
The gel was stained with ethidium bromide and photo-
graphed under long wave ultra-violet light; micro-







amer, octamer, and decamer. Finally, there is the 'undigested' DNA of 
high molecular weight beyond the resolution of this gel, which in this 
digest is 3% of the total DNA. 
To eliminate the possibility that this marked difference between 
the interphase and metaphase nuclease digestion patterns was an arti-
fact of vinblastine sulphate induced contraction, chromosomes were 
isolated from the FLA cells as before but cells were collected in 
metaphase by both colchicine treatment and by mitotic displacement, 
after synchronising with excess thymidine. The micrococcal nuclease 
digestion patterns of chromosomes from cells collected by vinblastine 
sulphate (D), mitotic displacement (C), and colchicine (B) are com-
pared with the nuclear digestion pattern (A) in Figure 4. The dis-
tribution of DNA fragments after micrococcal nuclease digestion is 
not dependent on the metaphase arresting agent used. The chromosomal 
digestion patterns in Figure 4 are very similar and certainly differ-
ent from the nuclear digest. As apparent in the photograph and con-
firmed in an examination of the microdensitometer tracing, in the 
chromosomal DNA from the colchicine arrested cells (B) there is a 
prominent band equivalent to approximately ten nucleosomes, a tetra-
mer-pentamer peak which contains a larger proportion of the DNA than 
in the previous experiment, and very little trimer, dimer, or monomer 
DNA. The higher proportion of undigested DNA suggests that this is a 
less complete digestion which may be due to colchicine induced con-
traction. This distribution indicates that ten nucleosomes are or-
ganized into a unit which is preferentially digested by nuclease as 
an intact group of nucleosomes. The unit can be further digested as 
individual nucleosomes but there seems to be preferential digestion 
to a group of 4-5 nucleosomes. (Other interpretations will be dis-
cussed later.) The inaccessibility to nuclease attack of individual 
Figure 4. 	Electrophoretic Analysis of the DNA Fragments 
Purified from Micrococcal Nuclease Digested Chromosomes 
Isolated from FLA Cells Collected in Metaphase 
by Different Methods. 
Chromosomes were isolated at pH 7.0 from synchronised 
FLA cells collected in metaphase by (b) 0.5 pg/mi 
colchicine, (c) mitotic displacement, (d) 0.01 pg/mi 
vinbiastine sulphate, and digested with 90 U/mi 
micrococcal nuclease for 5 min at 37°C. The 
nuclear control (a) was similarily digested. The 





nucleosomes in the intact chromosome suggests a higher level of organ-
isation which is involved in packing the DNA in a metaphase chromosome. 
The pronounced heterogeneity exhibited in the chromosomal DNA when com-
pared to the bands from the nuclear digest can be either a result of 
imprecise arrangement of proteins on the DNA at metaphase or an arti-
fact. An artifactual heterogeneity could be generated by cellular 
exonucleases or by the exonucleolytic activity of micrococcal nuclease 
at 37C which has been shown by Nail and Kornberg (1977) to alter the 
size distribution of the chromatin subunit. The heterogeneity could 
be a result of modified chromosome structure - either disruption 
during the isolation procedure or protein contamination acquired 
during the isolation. 
An identical nuclease digestion pattern was obtained with meta-
phase chromosomes from another human cell line, D98/AH2, a clonal 
derivative of HeLa cells (Figure 5). The cells were arrested with 
0.01 ,ug/ml vinbiastine sulphate and the chromosomes isolated according 
to the pH 7.0 method of Maio and Schildkraut (1967) as previously 
described. The chromosomes were resuspended at an 0D260= 2 in the 
Tris_Ca++_Mg++ buffer used above for digestions with micrococcal nuc-
lease at various concentrations for 5 min at 37C and the DNA puri-
fied using the method of Peden (1976). Figure 5 shows the isolated 
DNA from chromosomes (A) maintained on ice at 0C and not digested 
with micrococcal nuclease; (B) incubated at 37° C for 5 min but not 
digested with micrococcal nuclease; and (C) digested with micrococ-
cal nuclease at 100 U/mi at 370 C. The considerable digestion in the 
controls without added nuclease indicates that these cells contain 
sufficient endogenous nuclease activity to yield the characteristic 
chromosomal pattern. To determine whether the DNA was digested 
during prolonged metaphase arrest with vinblastine sulphate or during 
Figure 5. 	Micrococcal Nuclease Digestion Pattern of Metaphase 
Chromosomes from D98/AH2 Cells. 
Chromosomes were isolated at pH 7.0 from D98 cells 
arrested in metaphase by 0.01 pg/ml vinbiastine 
sulphate, and incubated at (a) 0°C, (b) 37°C, (c) 
37°C in the presence of 100 U/ml of micrococcal 
nuclease, for 5 mm. The purified DNA was anal-
ysed by electrophoresis on 2% agarose gel and the 
ethidium bromide fluorescence phctographed. 
C-) 
the isolation procedure, DNA was isolated from similarly arrested meta-
phase cells using the method of Gross-Bellard et al. (1973) for iso-
lating high molecular weight (40-500 x 106)  DNA from cells in culture. 
The 'mitotic' DNA isolated was of high molecular weight and showed no 
evidence of degradation. Therefore, the DNA is probably degraded when 
the chromosomes are exposed to cytoplasmic nucleases during the iso-
lation or by chromatin-associated endonucleases. The presence of en-
dogenous nucleases active on chromatin in the presence of Ca and Mg 
at pH 7 is not unexpected considering the experiments of Hewish and 
Burgoyne (1973) on an endodeoxyribonuclease active in isolated mammal-
ian nuclei in vitro, and the reported isolation of a chromatin-associ-
ated DNA endonuclease from HeLa cells (Urbanczyk and Studzinski,1974). 
The activity of endonucleases during the pH 7.0 isolation pro-
cedure may explain some of the degradation found by Wray et al. (1972). 
The size of the prominent chromosomal DNA band (equivalent to a nuc-
lear decamer - 2000 bp) is approximately the size given by Vray et al. 
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for the peak molecular weight from pH 7.0 chromosomes - 1 X 10 . When 
sized against Mus musculus satellite DNA digested with endoR. EcoRli, 
adenovirus 2 DNA digested with endoR.EcoRI, phage lambda DNA digested 
with endoR.EcoRI and endoR.HndIII, the DNA fragments from a micrococ-
cal nuclease digest of pH 7.0 isolated chromosomes are estimated to be 
in base pairs: 








Morphological analysis of isolated chromosomes 
Despite digestion of the DNA by nucleases during chromosome iso-
lation, the chromosomes remain intact (see Figure 6). Chromosomes 
were isolated from D98 cells using the pH 7.0 method as described and 
were resuspended in the Tris_Ca++_Mg buffer. An equal volume of 
methanol-acetic acid fixative was added and the chromosomes were pre-
pared for microscopy according to Maio and Schildkraut (1966). The 
chromosomes were stained with Giemsa (diluted 1/20 in Sorenson's buf-
fer) for 5 mm. The morphological characteristics of chromosomes as 
seen in the metaphase spread preparation are well preserved in the 
isolated chromosomes with no evidence of extensive breakage or dis-
ruption of structure. These results are in agreement with observa-
tions of Wray et al.(1972) that despite the low molecular weight of DNA 
in isolated chromosomes, they appear intact even in the electron mic-
roscope. 
Effect of EDTA on the nuclease digestion pattern of isolated chromosomes 
Maio and Schildkraut (1967) described the morphology of isolated 
chromosomes in the absence of divalent cations (or in alkaline pH, or 
in 0.1% SDS) as being diffuse and uniformly expanded. This importance 
of divalent cations in maintaining chromosome structure was confirmed 
biochemically by nuclease digestion in the presence of EDTA of chrom-
osomes isolated from D98 cells at pH 7.0 as described above. The 
chromosomes were resuspended for digestion with micrococcal nuclease 
in the 10 mM Tris, pH 7.0, 6 mM CaCl2, 1 mM MgC12 routinely used. To 
one digestion was added 0.1 M EDTA to 10 mM with micrococcal nuclease 
at 10 U/ml. Figure 7 compares the microdensitometer tracings of DNA 
purified from isolated chromosomes digested with A) 10 U/ml micrococ-
cal nuclease; B) 10 U/ml micrococcal nuclease in the presence of 10 mM 
EDTA; C) 100 U/ml micrococcal nuclease; D) 250 U/ml micrococcal nuclease 
Figure 6. 	Morphology of Metaphase Chromosomes from D98 Cells. 
Metaphase spread prepared from D98 cells as 
described in Methods and stained with Giemsa. 
Chromosomes isolated from D98 cells at pH 7.0 and 
prepared for microscopy as described in Methods and 
stained with Giemsa. 
Photographs were taken with a Zeiss photomicroscope 




Figure 7. 	Analysis by Electrophoresis on a 2% Agarose Slab Gel 
of the DNA Fragments Purified from Micrococcal 
Nuclease-digested Chromosomes from D98 Cells. 
Chromosomes were isolated at pH 7.0 from D98 cells 
arrested in metaphase by 0.01 pg/mi vinbiastine sul-
phate. The chromosomes were digested with micrococcal 
nuclease for 5 min at 37°C at following enzyme con-
centrations: 
10 U/mi 




The microdensitometer tracings of the gel photo-
graph are shown. 

and E) 500 U/mi micrococcal nuclease. It is obvious that the absence 
of divalent cations increases the susceptibility of the chromosome to 
nuclease digestion but does not significantly alter the overall char-
acteristics of the digestion pattern. The increased accessibility of 
the DNA could be due to modified protein-protein associations, DNA-
protein interactions, or both. It should be pointed out that micro-
coccal nuclease requires divalent cations for activity and despite the 
EDTA, which at 10 mM should be sufficient to chelate the 7 mM of Ca 
and Mg present, he enzyme was dissolved in Tris_Ca++_Mg  buffer 
before addition to the digest and presumably has a higher affinity for 
the cations than EDTA. Alternatively, the EDTA treatment could alter 
the chromosome structure enabling the chromatin-associated nucleases 
to digest further. Whatever the reason, the results support the con-
clusion that divalent cations are necessary for chromosome structural 
integrity. 
Figure 7 also shows the kinetics of chromosome digestion with 
increasing concentrations of enzyme. Virtually all of the undigested 
DNA has been converted to lower molecular weight species after di-
gestion for 5 min by 500 U/ml of micrococcal nuclease but not all of 
the DNA is converted to monomer nucleosome size even at higher enzyme 
concentrations. The DNA is presumably protected from digestion by 
proteins. Again, it is impossible to say whether this protection re-
flects the arrangement of chromosomal proteins at metaphase or is an 
artifactual protection by contaminating proteins. 
To confirm that the material being analyzed was DNA, DNA purified 
from chromosomes isolated as described above from D98 cells that had 
been labelled with 32 P orthophosphate (10 pCi/mi) was digested with 
RNase, ribonuclease T1, micrococcal nuclease, and DNaseI. Three micro-.-
grains of the DNA was incubated at 37°C for 1 h in the presence of 
70. 
20 pg/mi pancreatic RNase in 0.1 M Tris pH 7.2, 0.1 M NaCl, 0.001 M 
EDTA, 20 jag/ml ribonuclease T1 in the Tris-NaCl-EDTA buffer, 100 U/mi 
micrococcal nuclease in0.01M Tris pH 7.2, 0.006 M CaCl2, 0.001 M 
MgCl 
2$ 
or 20 jig/ml DNase I in the Tris-Ca-Mg buffer. The per-
centage of 32P acid precipitable counts before and after digestion 
was determined. The results were: 21.9% of the 'DNA was RNase sensi-
tive; 15.6% T1 sensitive; 98.1% micrococcal nuclease sensitive; and 
89.1% DNase I sensitive. These results confirm that it is at least 
predominantly DNA being analyzed. The susceptibility to RNase is 
probably in part due to RNA present and also contaminating enzyme ac-
tivity. 
.G-~bandjn& of isolated chromosomes 
To confirm that the native morphology of the chromosomes had 
been maintained, i.e. that gross protein rearrangements had not oc-
curred, chromosome morphology was examined using virtually the only 
criterion available - Giemsa banding patterns. Isolated chromosomes, 
prepared for microscopy as above, were banded using the ASG technique 
of Sumner et al.(1971). Although the overall staining was much less 
intense than is normally obtained on metaphase spreads, the isolated 
chromosomes had a banded appearance (Figure 8). The close similarity 
in banding patterns obtained with isolated chromosomes argue against 
excessive deposition of 'cytoplasmic debris' on the chromsomes during 
their isolation. As pointed out by Sumner et al., the ASG banding 
technique is highly variable - frequently not all of the chromosomes 
within one spread are banded. This method was chosen, however, because 
the chromosomes are not subjected to either extreme treatments or 
many manipulations to produce the banding patterns. 
The isolated chromosomes could also be reproducibly trypsin 
banded confirming the retention of their native structure (Figure 9). 
Figure 8. ASG Banding of Chromosomes from D98 Cells. 
Metaphase spread from D98 cells prepared as described 
in Methods and ASG banded. 
Chromosomes isolated at pH 7.0 from D98 cells and pre—
pared for microscopy as described in Methods for ASG band—
ing. 
Photographs were taken with a Zeiss photomicroscope on Ii—





In an attempt to examine the effects of trypsin digestion on the struc-
ture of the chromosome at a molecular level, conditions were estab-
lished for sequential digestions of isolated chromosomes with trypsin 
and micrococcal nuclease. Digestion conditions were determined using 
metaphase spreads which were prepared from D98 cells as described 
earlier. Trypsin digestions at 0.1 mg/ml in Sorenson's phosphate buf-
fer produced banding patterns after two minutes at room temperature 
(Figure 9), while long digestions produced the characteristic disrup-
tion of structure reported by Burkholder (1975). When the chromosomes 
were digested with micrococcal nuclease for short periods before 
trypsin banding, the bands were still present but the Giemsa staining 
was reduced. The D98 metaphase spreads were incubated with micrococ-
cal nuclease at 100 U/mi in Tris-Ca_Mg buffer at room temperature, 
rinsed with Sorenson's buffer, digested with trypsin for 2 mm, rinsed 
with Sorenson's, and incubated with soybean trypsin inhibitor at 0.1 
mg/ml in Sorenson's before staining with Giemsa for 5 mm. Figure 10 
A, B shows typical spreads after digestion with micrococcal nuclease 
for 3 min and 5 min respectively before trypsin banding. Isolated 
chromosomes gave similar results (Figure ii). This faint staining 
lends further support to the hypothesis that it is the DNA component 
with which the Giemsa is interacting and also confirms a higher con-
centraticn of DNA or reduced accessibility in the bands since banded 
regions are still faintly visible while the rest of the chromosome is 
not. Digestions with micrococcal nuclease at 100 U/mi for longer than 
5 min before trypsin digestion, completely destroyed the banding pat-
tern. 
If the sequence of digestions was reversed, dramatically dif-
ferent results were obtained. The chromosomes were digested with 
trypsin for 2 mm, the reaction terminated and the slides rinsed as 
Figure 10. Morphology of Chromosomes from D98 Cells After Sequential 
Digestions with Protease / Nuclease. 
Metaphase spreads from D98 cells were prepared as described 
in Methods. 
Digestion with 100 U/ml of micrococcal nuclease at 
room temperature for 3 min followed by digestion with 
trypsin (1 mg/ml) for 2 min before Giemsa staining. 
Digestion with 100 U/ml of micrococcal nuclease at 
room temperature for 5 min followed by digestion with 
trypsin (1 mg/ml) for 2 min before staining with Giemsa. 
Digestion with trypsin (1 mg/ml) for 2 min followed 
by digestion with 100 U/ml of micrococcal nuclease for 
3 min at room temperature before Giemsa staining. 







Figure 9. Trypsin Banding of Chromosomes from D98 Cells. 
Metaphase spread prepared from D98 cells as described 
in Methods. Digestion was with trypsin (1 mg/ml) fr 
(a) 2 min and (b) 4 min before Giemsa staining. 
Chromosomes isolated from D98 cells at pH 7.0 and 
prepared for microscopy as described in Methods. Digestion 
was with trypsin (1 mg/ml) for 2 min before Giemsa staining. 
Photographs were taken with a Zeiss photomicroscope on 
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above, but before staining with Giemsa, the spreads were digested with 
micrococcal nuclease for 3 mm. Surprisingly, the chromosomes appeared 
as ghosts with only the outlines of the chromosome visible (Figure 10 
C and 11). This increased accessibility of the DNA to nuclease after 
trypsin digestion strongly suggests that protein maintains the struc-
ture of the chromosome and partially protects the DNA. 
Having determined the microscopic effects, trypsin/micrococcal 
nuclease digestions were per-formed on isolated chromosomes in solution 
to examine the molecular effects. Chromosomes isolated from D98 cells 




 buffer. Trypsin was added to 10 pg/ml for a 2 min di-
gestion at room temperature. The reaction was terminated by adding 
soybean trypsin inhibitor to 10 jig/mi. Micrococcal nuclease was then 
added to 100 U/ml for a 3 min digestion at room temperature and the 
DNA was purified according to the method of Peden (1976). Control 
digestions were done in the reverse order, and on purified nuclei 
remaining from the chromosome isolation. Figures 12 and 13 gives the 
results. Trypsin digestion whether before or after micrococcal nuc-
clease digestion appears to have no significant influence on the nuc-
lear pattern except to reduce the size of the undigested DNA. Trypsin 
digestion after micrococcal nuclease digestion also does not appear 
to have any major effect on the chromosomal digestion pattern. However, 
trypsin digestion before micrococcal nuclease shifts the digestion 
pattern into a nuclear one. These results are consistent with Hi 
being responsible for maintaining the condensed chromosome struc-
ture. In interphase nuclei, Hi is thought to occupy an internuc-
leosomal position and therefore removing it by trypsin digestion 
should not and does not affect the nuclease digestion pattern. Trypsin 
digestion has been used to selectively remove Hi from chromatin 
Figure 12. Analysis by Electrophoresis on a 2% Agarose Gel of the 
Purified DNA Fragments from Nulcei Sequentially Digested 
With Protease / Nuclease. 
Nuclei remaing from a pH 7.0 chromosome isolation from 
D98 cells were purified and digested at room temp-
erature with (a) micrococcal nuclease at 100 U/ml 
for 3 mm, (b) micrococcal nuclease at 100 U/ml for 
3 min followed by trypsin at 10 pg/ml for 2 min,(c) 
trypsin at 10 pg/ml for 2 min followed by micrococcal 
nuclease at 100 U/ml for 3 thin. 
DNA was purified and analysed by electrophoresis; 
microdensitometer scans are shown. 
co 	 L) 
Figure 13. 	Analysis by Electrophoresis on a 2% Agarose Gel of the 
Purified DNA Fragments from Isolated Chromosomes Seq-
uentially Digested with Protease / Nuclease. 
Chromosomes were isolated at pH 7.0 from D98 cells 
and digested at room temperature with (a) micro-
coccal nuclease at 100 U/ml for 3 mm, (b) micro-
coccal nuclease at 100 U/ml for 3 min followed by 
trypsin digestion at 10 jig/ml for 2 mm, (c) trypsin 
digestion at 10 )ig/ml for 2 min followed by micrococcal 
nuclease digestion at 100 U/ml for 3 mm. 
The DNA was purified and analysed by electrophoresis; 
microdensitometer scans are shown. 
K-1 
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(Chaterjee and Walker,1973), and has been shown to digest Hi before 
the other histones (Weintraub and Van Lente,1974). The removal of Hi 
by trypsin digestion has also been implicated in the production of G 
bands (Brown et al.,1975). Thus the disruption of chromosome struc-
ture by trypsin digestion, as evidenced by the micrococcal nuclease 
digestion pattern, may he a result of cleavage and/or removal of Hi. 
Or alternatively, the trypsin may be digesting or removing a protein 
not present in nuclei which is responsible for maintaining the meta-
phase state. These experiments will be compared with the results of 
other published experiments on nuclease digestion of trypsinized 
chromatin in the Discussion. 
Micrococcal nuclease digestion of pH 3.0 isolated human chromosomes 
Having established that recognizable chromosome morphology is 
maintained in the chromosomes isolated according to the pH 7 method 
of Maio and Schildkraut, one must conclude that the DNA pattern pro-
duced after micrococcal nuclease digestion results from the organisa-
tion of DNA in the metaphase chromosome. Therefore, nuclease di-
gestion can be used as a biochemical assay of native chromosome struc-
ture. Any alteration in chromosome structure due to the addition, 
loss, or rearrangement of proteins would most likely be reflected in 
an altered molecular weight distribution of the DNA after nuclease 
digestion. Thus, this assay was used to examine the structure of 
chromosomes isolated using different isolation media. 
Chromosomes were isolated using the pH 3.0 method of Mendelsohn 
et al.(1968) as described in Methbds, except for the omission of the 
sucrose gradient. After the chromosomes were washed in i% Tween 80, 
instead of sedimenting the chromosomes through a sucrose gradient 
they were pelleted and washed twice in the buffer without detergent. 
The chromosomes were resuspended in either the pH 3 buffer (0.1 M 
sodium acetate, 0.1 M sucrose, 0.001 M CaCl2, 0.001 M MgCl 2) 
 adjusted 
to pH 3.0 with HC1) or 0.01 M Tris, pH 7.0, 0.006 M CaCl2, 0.001 M 
MgC1
29 
 which was used previously for the digestions of chromosomes 
isolated at pH 7.0, for digestion with micrococcal nuclease. Figure 
14 compares the digestion pattern for A) D98 nuclei from the pH 3.0 
chromosome isolation digested in the pH 3.0 buffer; B) D98 nuclei 
from the pH 3.0 chromosome isolation digested in the pH 7.0 buffer; 
D98 chromosomes isolated at pH 3.0 digested in the pH 3.0 buffer; 
D98 chromosomes isolated at pH 3.0 digested in the pH 7.0 buffer, 
with 90 U/ml of micrococcal nuclease at 37C for 5 mm. Isolation 
of the nuclei in the pH 3.0 buffer appears to have little influence 
on the nucleosome structure. Although the chromosome pattern is 
basically the same as that of chromosomes isolated at pH 7.0, the 
patterns are more heterogeneous which may indicate some disruption 
of chromosome structure. 
Micrococcal nuclease digestion of pH 10.5 isolated human chromosomes 
Chromosomes were isolated from D98 cells using the pH 10.5 
method of Wray et al.(1972) with the modifications described in the 
Methods section. The chromosomes were resuspended for micrococcal 
nuclease digestion in either the pH 10.5 buffer, or the pH 7.0 Tris-
Ca-Mg buffer. Figure 15 compares the purified DNA fragments 
separated by agarose gel electrophoresis from chromosomes digested at 
37°C for 5 min in the pH 10.5 isolation buffer (A,B,C,) and in the 
pH 7.0 buffer (D,E,F). The higher order structures which were seen 
in the chromosomes isolated at pH 7 according to Maio and Schildkraut 
(1967) are absent and a nuclear nucleosome "ladder" is present. There 
is a suggestion of the higher order structures in the 0° C control re-
suspended in the pH 7 buffer (Figure 15 D). However, there is con-
siderable digestion in the 0° C controls (Figure 15 A and D) whichmeais 
Figure 14. Analysis by Electrophoresis on a 2% Agarose Gel of the 
Purified DNA Fragments from Micrococcal Nuclease Digested 
Chromosomes and Nuclei Isolated at pH 3.0 from D98 Cells. 
D98 nuclei from the pH 3.0 chromosome isolation di-
gested in the pH 3.0 buffer; 
D98 nuclei from the pH 3.0 chromosome isolation di-
gested in the pH 7.0 buffer; 
D98 chromosomes isolated at pH 3.0 and digested in 
the pH 3.0 buffer; 
D98 chromosomes isolated at pH 3.0 and digested in 
the pH 7.0 buffer 
at 90 U/mi of enzyme for 5 min at 37°C. The DNA was 
purified and analyzed on an agarose gel. A photograph 






sodium acetate, 0.1 M sucrose, 0.001 M CaC12, 0.001 M MgCl 29 
 adjusted 
to pH 3.0 with HC1) or 0.01 M Tris, pH 7.0, 0.006 M Cad 2, 0.001 M 
MgCl 2) which was used previously for the digestions of chromosomes 
isolated at pH 7.0, for digestion with micrococcal nuclease. Figure 
14 compares the digestion pattern for A) D98 nuclei from the pH 3.0 
chromosome isolation digested in the pH 3.0 buffer; B) D98 nuclei 
from the pH 3.0 chromosome isolation digested in the pH 7.0 buffer; 
D98 chromosomes isolated at pH 3.0 digested in the pH 3.0 buffer; 
D98 chromosomes isolated at pH 3.0 digested in the pH 7.0 buffer, 
with 90 U/ml of micrococcal nuclease at 37C for 5 mm. Isolation 
of the nuclei in the pH 3.0 buffer appears to have little influence 
on the nucleosome structure. Although the chromosome pattern is 
basically the same as that of chromosomes isolated at pH 7.0, the 
patterns are more heterogeneous which may indicate some disruption 
of chromosome structure. 
Micrococcal nuclease digestion of pH 10.5 isolated human chromosomes 
Chromosomes were isolated from D98 cells using the pH 10.5 
method of Wray et al.(1972) with the modifications described in the 
Methods section. The chromosomes were resuspended for micrococcal 
nuclease digestion in either the pH 10.5 buffer, or the pH 7.0 Tris-
Ca-Mg buffer. Figure 15 compares the purified DNA fragments 
separated by agarose gel electrophoresis from chromosomes digested at 
37° C for 5 min in the pH 10.5 isolation buffer (A,B,C,) and in the 
pH 7.0 buffer (D,E,F). The higher order structures which were seen 
in the chromosomes isolated at pH 7 according to Maio and Schildkraut 
(1967) are absent and a nuclear nucleosome !ladder? is present. There 
is a suggestion of the higher order structures in the 0° C control re-
suspended in the pH 7 buffer (Figure 15 D). However, there is con-
siderable digestion in the 0° C controls (Figure 15 A and D) whichmeais 
Figure 14. Analysis by Electrophoresis on a 2% Agarose Gel of the 
Purified DNA Fragments from Micrococcal Nuclease Digested 
Chromosomes and Nuclei Isolated at pH 3.0 from D98 Cells. 
D98 nuclei from the pH 3.0 chromosome isolation di-
gested in the pH 3.0 buffer; 
D98 nuclei from the pH 3.0 chromosome isolation di-
gested in the pH 7.0 buffer; 
D98 chromosomes isolated at pH 3.0 and digested in 
the pH 3.0 buffer; 
D98 chromosomes isolated at pH 3.0 and digested in 
the pH 7.0 buffer 
at 90 U/ml of enzyme for 5 min at 37CC. The DNA was 
purified and analyzed on an agarose gel. A photograph 
of the ethidium bromide fluorescence is shown. 
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Figure 15. Agarose Gel Electrophoresis of Purified DNA Fragments from 
Chromosomes Isolated at pH 10.5 from D98 Cells and Digested 
with Micrococcal Nuclease. 
Chromosomes were isolated at pH 10.5 from D98 cells and 
incubated at 0°C for 5 min in the pH 10.5 buffer; 
incubated at 37°C for 5 min in the pH 10.5 buffer 
with 10 U/ml of micrococcal nuclease; 
incubated at 37°C for 5 min in the pH 10.5 buffer 
with 500 U/ml of micrococcal nuclease; 
incubated at 0°C for 5 min in the pH 7.0 buffer; 
incubated at 37°C for 5 min in the pH 7.0 buffer 
with 10 U/ml of micrococcal nuclease; 
incubated at 37°C for 5 min in the pH 7.0 buffer 
with 500 U/ml of micrococcal nuclease. 
The DNA was purified and analyzed on a 2% agarose gel. 




the endogenous nucleases are active even at this high pH. These re-
suits indicate a disruption of the native structure of chromosomes 
isolated at high pH when structure is assayed by nuclease digestion. 
Micrococcal nuclease digestion of isolated mouse chromosomes 
In addition to examining human chromosomes, the structure of 
chromosomes isolated from mouse L929 cells was investigated. L929 
cells were arrested in metaphase with 0.5 )ig/ml colchicine and the 
chromosomes isolated at pH 7.0 with the modified Maio and Schildkraut 
(1967) procedure described in Methods. Although the chromosomes were 
intact, aggregation was a problem and vigorous pipetting was necessary 
to resuspend the purified chromosome pellet. Due to the high mitotic 
yield (99%) there was no nuclear contamination. The chromosomes were 
resuspended in the Tris-Ca-Mg buffer to an 0D260 = 2 and digested 
with micrococcal nuclease at 37° C for 5 min at 0, 30, 90, and 270 U/mi. 
Nuclei were isolated from interphase cells using the buffers and 
methods of the chromosome isolation procedure and digested with nuclease 
at 90 U/mi. The DNA was isolated using the method of Peden (1976). 
As shown in Figure 16, the chromosomal pattern is indistinquishable 
from the nuclear digestion pattern with no indication of a higher or-
der organisation of the nucleosomes. There is also no evidence of 
endogenous nuclease activity. 
These results confirm the existence of the basic nucieosome 
structure at metaphase but it is surprising that the mouse chromo-
somes did not display evidence of higher order organisation as found 
in the human chromosomes isolated at pH 7. However, this may be a 
result of structural disruption during the isolation or even species 
specific requirements in ionic conditions for maintenance of higher 
order packing in chromosomes, as will be discussed later. 
Figure 16. Analysis by Electrophoresis on a 2% Agarose Gel of the 
Purified DNA Fragments from Micrococcal Nuclease Digested 
L cell Chromosomes and Nuclei. 
Chromosomes and nuclei were isolated at pH 7.0 from cal-
chicine arrested L cells and digested with micrococcal 
nuclease. 
Chromosomes incubated at 0°C for 5 mm. 
Chromosomes incubated at 37°C for 5 min with 30 U/mi 
of micrococcal nuclease. 
Chromosomes incubated at 37°C for 5 min with 90 U/mi 
of micrococcal nuclease. 
Chromosomes incubated at 37°C for 5 min with 270 U/mi 
of micrococcal nuclease. 
The DNA was purified and analyzed by agarose gel eiectro 
phoresis. The photograph of the ethidium bromide fluor-
escence is shown. 
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Micrococcal nuclease digestion of isolated fruit fly chromosomes 
Since the nucleosome has been shown to be a conserved structure 
in eukaryotes, the metaphase chromosome of a 'lower' eukaryote was 
examined. The chromosomes of the only non-mammalian species used for 
bulk chromosome isolations - Drosophila melanogaster - were examined. 
The cells used for these experiments were established in culture by 
Schneider (1972) and were a gift of M.Izquierdo. As seen in the typ-
ical metaphase spread shown in Figure 17, the cells do not have the 
normal diploid karyotype. The average chromosome number is 10 with 
ten percent of the cells containing a neo-chromosome or fragment. 
Chromosomes were isolated from vinblastine sulphate arrested cells 
using the procedure of Hanson and Hearst (1974) as described in 
Methods. Nuclear contamination was a serious problem as judged 
by microscopic analysis of the isolated chromosomes (see Figure 17). 
Using either Nucleopore filtration or differential centrifugation, 
the lowest percentage of nuclear contamination obtained was Ca. 30% 
(i.e. 3 nuclei for every 70 chromosomes, where 1 nucleus is equiva-
lent to 10 chromosomes in DNA content). The chromosomes also tended 
to remain as an intact metaphase plate which made it difficult to 
separate the contaminating nuclei on the basis of size or sedimenta-
tion value. The metaphase plate could not be disrupted by repeated 
Dounce homogenization or passage through a syringe needle without 
damage to the chromosomes. Combined Nucleopore filtration and dif-
ferential centrifugation greatly reduced the nuclear contamination 
but the concomitant reduction in the yield of chromosomes made it im-
practical. Nevertheless, it was hoped that despite nuclear contamin-
ation it would be possible to see a chromosomal digestion pattern 
superimposed on a nuclear ladder. 
Isolated Drosophila chromosomes and nuclei isolated by the same 
77. 
method from interphase cells were digested with micrococcal nuclease 
at 100 U/mi for 5 min at 37° C in the pH 10.5 isolation buffer at an 
0D260 = 2. The DNA was purified using the method of Peden (1976) and 
analyzed by agarose gel electrophoresis. Figure 18 compares the micro-
densitometer tracings of the nuclear digest and the chromosomal digest. 
The 37°C controls with no added nuclease show some degradation which 
is probably the result of damage during the isolation procedures. 
There appears to be no significant difference between the nuclear and 
chromosomal digestion patterns. 
Figure 19 shows the results of similar digests where the chromo-
somes were purified by Nucleopore filtration as well as differential 
centrifugation. Again there are no striking differences between the 
nuclear and chromosomal digestion patterns. However, there may be a 
suggestion of higher order organisation of the nucleosomes in the chrom-
osomes, in the areas indicated by an arrow in the tracings of Figures 
18 and 19. The results are not convincing because of the poor quality 
of the chromosomal digests, but the fact that comparable 'peaks' are 
absent in the nuclear digest and their estimated correspondence in size 
to the bands characteristic of the chromosomes from D98 cells (6-10 
nucleosomes) suggests that they may be significant. On the whole, 
these Drosophila results are inconclusive because of the unsatisfactory 
isolation procedure and the nuclear contamination. No generalizations 
can be made concerning, higher order structures, but the nucleosome 
structure is present in the metaphase chromosome. 
Micrococcal nuclease digestion of nuclei at different stages of the 
cell cycle 
To determine whether the higher order organisation of nucleo-
somes found after nuclease digestion of pH 7.0 isolated chromosomes 
was unique to the metaphase structures, the transition of the subunit 
Figure 18. Analysis by Electrophoresis on a 2% Agarose Gel of the 
Purified DNA Fragments from Micrococcal Nuclease Digested 
Chromosomes and Nuclei from Drosophila cells. 
Chromosomes and nuclei were isolated at pH 10.5 from 
Drosophila cells as described in Methods. 
Nuclei incubated at 37°C for 5 mm. 
Nuclei digested with 100 U/ml of micrococcal nuclease 
for 5 min at 37°C. 
Chromosomes incubated at 37°C for 5 mm. 
Chromosomes incubated at 37° C for 5 min with 100 U/ml 
of micrococcal nuclease. 
0 
Figure 19. Analysis by Electrophoresis on a 2% Agarose Gel of the 
Purified DNA Fragments from Microccal Nuclease Digested 
Drosophila Chromosomes. 
Chromosomes were isolated at pH 10.5 from Drosophila 
cells and purified by differential centrifugation and 
Nucleopore filtration as described in Methods. 
Chromosomes incubated at 37oC  for 5 mm. 
Chromosomes incubated with 50 U/mi of micrococcal 
nuclease at 37'C for 5 mm. 
Chromosomes incubated with 250 U/mi of micrococcal 
nuclease at 37° C for 5 mm. 
Chromosomes incubated with 500 U/ml of micrococcal 
nuclease at 37° C for 5 mm. 
Nuclear control digested with 50 U/mi at 37° C for 5 
mm. 
.0 	 0 
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structure of chromatin through the cell cycle was examined. As dis-
cussed in the Introduction, the published analyses of chromatin struc-
ture had been on nuclei predominantly in G1. The D98 cells were uni-
formly labelled with 14C-thymidine (0.015 1iCi/ml, specific activity 
50 mCi/mM) and were synchronized with a double thymidine block as des-
cribed in Methods. The cells were released into S phase by removal of 
the excess thymidine in the presence of 3H-thymidine (2 pCi/mi, speci-
fic activity 17 Cl/mM) to label the newly synthesized DNA. Cells 
were harvested three hours later for S phase nuclei and six hours 
later for G2 nuclei. Nuclei were isolated as described in Methods. 
The S phase nuclei had a distinctive appearance not noticed in unsyn-
chronized preparations. They were oval shaped and uniformly grey 
where 'contaminating' nuclei (less than 1%) were round and granular. 
The nuclei were resuspended in 10 mM Tris-HC1, pH 7.4, 2mM Cad 2, 10 
mM NaCl to a concentration of 1 x 10  nuclei/ml for micrococcal nuc-
lease digestions. To minimize the exonucleolytic activity of micro-
ccccal nuclease (Noll and Kornberg,1977) digestions were performed at 
4°C for 30 min with increasing concentrations of micrococcal nuclease. 
Figure 20 compares the kinetics of digestion of nuclei in S phase, G2, 
and G1. The usual nucleosome ladder is obtained and there are no ob-
vious differences in size or in kinetics of digestion. The organisa-
tion of DNA in the nucleosome structure as assayed by nuclease di-
gestion appears to be the same throughout interphase. 
The S phase nuclear digest was analyzed for the packaging of 
newly synthesized DNA in nucleosomes. Since the cells had been uni-
formly labelled with 14C-thymidine before release into S phase in the 
3 14 presence of 
3 
 H-thymidine, the ratio of h/ C in the bands of the 
nuclear digest should determine if the newly synthesized DNA was pro-
tected from nuclease digestion by histones. If there is a significant 
Figure 20. Micrococcal Nuclease Digestions of Nuclei Isolated 
from Synchronized D98 Cells at Different Stages of 
the Cell Cycle. 
D98 cells were synchronized by a double thymidine block 
and harvested for nuclei isolations as described in 
Methods. Digestions with micrococcal nuclease were at 
4°C for 30 min at various enzyme concentrations, 
S phase nuclei digested with 1 U/ml 
S phase, 10 U/ml 
S phase, 50 U/ml 
S phase, 250 U/ml 
G nuclei, 1 U/ml 
G1 nuclei, 10 U/ml 
G1 nuclei, 50 U/ml 
G1 nuclei, 250 U/ml 
S phase nuclei, 50 U/ml 
S phase nuclei, 250 U/ml 
G nuclei, 50 U/ml 
(1) G nuclei, 250 U/ml 
6 1 0 p 	q 
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lag between DNA replication and histone deposition, then the newly 
synthesized DNA would be more accessible to nuclease and the ratio of 
311/14c would be lower in the S phase nuclei than in the G2 nuclei. 
The monomer, dimer, and trimer bands were localized by UV fluorescence 
after staining in ethidium bromide and were excised from the agarose 
gel. The gel slices were processed through the Packard Tri-Carb 
Sample Oxidizer as described to determine the 3H/14C ratios. The re-
suits are shown in Table 2. There does not appear to be preferential 
digestion of newly synthesized DNA is S phase nuclei by the nuclease, 
suggesting that histones are assembled on replicated DNA as replica-
tion proceeds. The average ratio of 3H/14C in an S phase digest -0.2-
compares with a ratio of 0.2 in a comparable digest of G1 nuclei. The 
low ratios obtained in G2 nuclei cannot be readily explained. 
Chromatin structure of actively transcribed genes 
To determine if genes being actively transcribed are packaged 
in the repeating chromatin subunit structure, the structure of the 
histone genes of cleavage stage sea urchin embryos was examined. 
There is a possibility that DNA undergoing a high rate of transcrip-
tion is not compiexed with histones and that the 20% of the nuclear 
DNA found to be acid-soluble after micrococcai nuclease digestion 
(Noll,1974A) might contain the transcribed sequences as well as the 
intersubunit nucleotides. In support of this hypothesis, hybridiza-
tion with total nuclear RNA and nuclear RNA complexity measurements 
show that it is about 10% of the genome which is active in transcrip-
tion in a given cell type IBrown and Church,1971; Davidson and Hough, 
1971; Grouse et al.,1972; Turner and Laird,1973). To answer thisques-
tion, the histone genes of sea urchin blastulae were chosen. During 
mid-cleavage stage of embryogenesis, histones represent 30% of the 






















average 1/4.43 1/4.97 1/5.83 1/7.60 1/4.47 1/5.57 
(0.22) 	(0.2) 	(0.17) 
	
(0.13) 	(0.22) 	(0.17) 
Control nuclear DNA (no digestion) 
	
1/4.37 	(0.23) 
mRNA has been identified by Kedes and Gross (1969) and Nemer (1975) as 
the major species among the polysome-associated templates. Although 
there is a store of maternal histone mRNA in the oocyte, transcription 
of the histone genes begin during the first division as evidenced by 
incorporation of precursors into 9S mRNA, which has been shown to code 
for histone protein by in vitro translation (Gross et al.,1976; Levy 
et al.,1975). The newly synthesized histone mRNAs represent 70% of 
the mRNA synthesized during early sea urchin embryogenesis (Nemer et 
al.,1974). The reiteration of the histone genes (300-1000 copies: 
Weinberg et al.,1972; Grunstein et al.,1973) makes their detection 
easier. Therefore, the distribution of histone genes in blastula 
nuclei after partial digestion with micrococcal nuclease was examined 
by hybridization to a replica nitrocellulose filter of the agarose 
gel after electrophoresis of the digested DNA fragments. If the his-
tone genes are not preferentially accessible to nuclease digestion 
(protected in the nucleosome), then these sequences should be present 
in the 'ladder' after digestion and detectable by hybridization. I 
would like to gratefully acknowledge the collaboration of K.W.C.Peden, 
who is also to be credited for this hypothesis, in the experiments to 
be described. 
The isolation of nuclei from cleavage stage embryos proved to be 
difficult due to the presence of endogenous nucleases. However, the 
method which produced nuclei with the least degradation was amodifica-
tion of the procedure of Levy et al. (1975) as described in Methods. 
Even this method did not produce totally undegraded DNA from blastula 
nuclei. Nuclei were isolated from Echinus esculentus embryos at ap-
proximately the 256 cell stage. The nuclei were resuspended in 10 MM 
Tris-HC1, pH 7.4, 2mM CaCl2, 100 mM NaCl at a concentration of 5 x 10 
ml for digestion with micrococcal nuclease. After a 2 min pre-incuba- 
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tion at 37°C, micrococcal nuclease which was dissolved in the same 
buffer was added and the nuclei digested for 5 min at 37° C. The DNA 
was purified according to Hewish and Burgoyne (1973) and analyzed by 
electrophoresis on a 2% agarose slab gel. The results are shown in 
Figure 21. It is immediately obvious that the size of the chromatin 
subunit decreases with increased levels of digestion by micrococcal 
nuclease. The samples were not electrophoresed in the ususal sequence 
(of increasing concentrations of nuclease) to demonstrate that the in-
creased mobilities were not an electrophoretic artifact. The digestion 
by endogenous nucleases is evident in lanes 1 and 10, the controls 
maintained on ice, and lane 4, the control incubated at 37° C without 
micrococcal nuclease. Virtually all of the DNA is digested to the 
monomer size at 500 U/mi under these conditions (lane 2). 
Figure 22 shows the results of the micrococcal nuclease digestion 
of Echinus sperm nuclei. Sperm nuclei were isolated as described in 
Methods, resuspended in the Tris-Ca-NaCl buffer at 1 x 106/ml, and 
digested with various concentrations of micrococcal nuclease at 37°C 
for 5 mm. The absence of endogenous nucleases is indicated by the 
high molecular weight DNA in the controls (lanes 1 and 2). Also im-
portant to notice, is the relative resistance to digestion of sperm 
nuclei compared with the blastual nuclei. Under identical digestion 
conditions, at 500 U/mi the sperm nuclei are not completely digested 
to a monomer. This resistance is presumably a result of the increased 
packing of the chomatin in the sperm head. It was not possible to con-
vert all of the DNA to monomer size under any digestion conditions 
tested, including 500 U/mi at 40 C overnight. 
Identical results were obtained with nuclei from another sea 
urchin, Psammechinus miliaris. Nuclei from Psammechinus mid-cleavage 
stage embryos and sperm were isolated and digested by the same methods 
Figure 21. Micrococcal Nuclease Digestion of Echinus esculentus 
Nuclei Isolated from Mid-Cleavage Embryos. 
Nuclei were isolated and digested as described in the text. 
Ii C control (no enzyme) 
500 U/mi micrococcal nuclease at 37C C for 5 mm 
10 U/mi micrococcal nuclease at 37C for 5 mm 
37bC control (no enzyme) 
100 U/mi micrococcal nuclease at 37C for 5 mm 
5 U/mi micrococcal nuclease at 37C C for 5 mm 
150 U/mi micrococcal nuclease at 37C C for 5 mm 
50 U/mi micrococcal nuclease at 37C C for 5 mm 
0C control 
10 U/mi micrococcal nuclease at 370 C for 5 mm 
3 4 5 6 7 8 	9 10 
Figure 22. Micrococcal Nuclease Digestion of Echinus esculentus Nuclei 
Isolated from Sperm. 
Nuclei were isolated and digested as described in the text. 
0° C control 
37° C control 
5 U/ml micrococcal nuclease at 37C for 5 mm 
50 U/ml micrococcal nuclease at 37° C for 5 mm 
100 U/ml micrococcal nuclease at 37°C for 5 mm 
500 U/ml micrococcal nuclease at 37° C for 5 mm 
4C control 
50 U/ml at 4C for 1 h 
50 U/ml at 4° C for 12 h 
50 U/ml at room temperature for 30 mm 
50 U/ml at room temperature for 1 h 
50 U/ml at room temperature for 12 h 
- 	 -- 
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used for Echinus nuclei. Figure 23 shows the digestion patterns of 
blastula nuclei from two such isolations. Endogenous nuclease activ-
ity is again apparant in the controls (lanes 1, 2, 7 and 8) and most 
of the DNA has been digested to monomer size with 500 U/mi of micro-
coccal nuclease (lanes 6 and 12). The subunit structure of Psammechinus 
sperm is compared in Figure 24 with Echinus blastula nuclei. The 
sperm nuclei are again more resistant to digestion by micrococcal nuc-
lease and the DNA repeat length also appears to be larger in sperm 
nuclei than in blastula nuclei. 
To examine the cell type and species variability in the repeat 
length of sea urchin chromatin, the lengths of the DNA from partial 
micrococcal nuclease digests of blastula (10 U/mi) and sperm (100 U/mi) 
of both Echinus and Psammechinus were determined. Electrophoretic 
mobilities were compared with DNA of known sizes: 4X174 RF digested 
with restriction endonucleases Hinfl, HaeIII, HndIII, HpaI and II, 
and TaqI (Sanger et al. ,1977) and Mus musculus satellite DNA (a gift 
of N.Ellis) digested with restriction endonuclease Avail. The cali-
bration curve is shown in Figure 25 as determined from measurements of 
the microdensitometer tracings of the negative of the 2% agarose slab 
gel shown in Figure 26. The length in base pairs of the DNA in the 
chromatin subunits was determined by measuring the distance migrated 
from the centre of the bands. It should be noted that determinations 
on this gel below 300 bp are not accurate as the linearity of the 
curve is lost below that length. Therefore, based on the size of the 
multiple subunits (Table 3) the size of Echinus blastula is 190 ± 10, 
Psammechinus blastula is 180 ± 10, Echinus sperm is 210 ± 10, and 
Psammechinus sperm is 220 ± 10 bp. There appears to be more variabil-
ity in the size of the sperm subunit - the width of the bands are 
greater in both Echinus and Psammechinus when compared to the blastula 
Figure 23. Micrococcal Nuclease Digestion of Psammechinus miliaris 
Nuclei Isolated from Mid-Cleavage Embryos. 
Nuclei were isolated as described in the text and digested 
with micrococcal nuclease at 37° C for 5 min at the following 
concentrations: 
0° C control 





0° C control 






Figure 24. Micrococcal Nuclease Digestion of Psammechinus miliaris 
Nuclei Isolated from Sperm and of Echinus Nuclei Isolated 
from Mid-Cleavage Embryos. 
Nuclei were isolated and digested with micrococcal nuclease 
at 37° C for 5 min as described in the text. 
Echinus blastula nuclei 500 U/mi 
Echinus blastula nuclei 376 C control 
Mus musculus satellite digested with EcoRI 
Psammechinus sperm nuclei 20 U/mi 
Psammechinus sperm nuclei 50 U/ml 
Psammechinus sperm nuclei 100 U/mi 
Psammechinus sperm nuclei 200 U/mi 

Figure 25. Calibration Curve for Sizing DNA Fragments in a 2% Agarose 
Gel. 
Derived from restriction endonuclease digestion of OX174RF 
DNA and Mus musculus satellite DNA. Distances of migration 
were measured from the origin to the midpoint of the bands 
on the microdensitometer tracings of the negative. Sizes 
of OX174RF fragments were from Sanger et al. , 1977 and of 
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Figure. 26. 2% Agarose Gel for Sizing DNA Repeat Length in Sea Urchin 
Blastula and Sperm Nuclei. 
Sea urchin nuclei were digested with micrococcal nuclease 
as previously described. Digestion of 1 ug of OX174RF 
DNA with the various restriction endonucleases was at 
37°C for 3 h. Digestion of Mus musculus satellite DNA 
with Ava II was at 37 C° for 12 h. 
,ØX174Rf DNA digested with HpaI 
,ØX174RF 	 HpaII 
Mus satellite 	 Avail 
Echinus blastula nuclei digested with micrococcal 
nuclease at 10 U/mi for 5 min at 37° C 
Echinus sperm nuclei digested with micrococcal 
nuclease at 100 U/mi for 5 min at 37°C 
OX174RF 	 Hinf I 
Psanunechinus blastula nuclei digested with micrococcal 
nuclease at 10 U/mi for 5 min at 37°C 
Psammechinus sperm nuclei digested with micrococcal 
nuclease at 100 U/mi for 5 min at 37  D C  
Mus satellite 	 Avail 
,'X174RF 	 TaqI 
6X174RF 	 HndII 
ØX174RF 	 HaeIII 
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TABLE 3 
Echinus blastula 
Multiple 	Mobility Multiple DNA 




Mobility Multiple DNA 





Mobility Multiple 	DNA 
(cm) 	length repeat 
(bp) length 
(bp) 
Ps amme c hi nu s 
sperm 
Mobility Multiple 	DNA 
(cm) length repeat 
(bp) length 
(bp) 
Hexamer 6.1 1150 191 
Pentamer 6.9 975 195 
Tetramer 7.8 770 192 
Trimer 9.1 560 186 
Dimer 10.5 380 190 
Monomer 12.3 200 200 
5.8 1250 208 
6.6 1050 210 
7.5 810 202 
8.7 609 203 
10.2 410 205 
12.3 200 200 
6.3 1100 183 
7.1 900 180 
8.0 720 180 
9.1 560 186 
10.7 360 180 
12.8 165 165 
5.59 1325 220 
6.2 1110 222 
7.1 900 225 
8.2 700 233 
9.6 485 242 
11.7 240 240 
190 ± 10 
	
210 ± 10 
	
180 ± 10 
	
220 ± 10 
Figure 27. Separation of DNA Fragments from a Partial Micrococcal 
Nuclease Digestion of Echinus and Psammechinus, Blastula 
and Sperm Nuclei on a 2% Agarose Gel. 
Nuclei were isolated and digested with micrococcal nuclease 
at 37C for 5 min as described. Ten pg  of DNA was loaded 
for each sample. 
Echinus blastula (10 U/ml) 
Echinus sperm (100 U/mi) 
Phage lambda DNA digested with HndIII 
Psammechinus blastula (10 U/mi) 
Psammechinus sperm (100 U/mi) 
Psammechinus blastula (10 U/mi) 
Psammechinus sperm (100 U/mi) 

Figure 28. Localization of Histone Genes and Ribosomal Genes in Micro-
coccal Nuclease Digests of Sea Urchin Blastula and Sperm 
Nuclei. 
The agarose gel shown in Figure 27 was transferred in situ 
to a nitrocellulose filter. The histone genes were localized 
with 32P-labelled by nick-translation cloned Echinus histone 
genes - pWB87. (This is a recombinant made by W.Barnes who 
transferred the Echinus fragment from the lambda vector (Southern 
and Murray) to a colEl vector.) The ribosomal genes were 
localized with 32P-labelled by nick-translation cloned Xenopus 
laevis ribosomal genes in pMB9 (R.Reeder). 
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(Monesi,1971), is the same indicating that there is not preferential 
digestion of genes being transcribed. This is confirmed by the simi-
lar hybridization patterns for the ribosomal genes (non-transcribed) 
and the histone genes in the blastula nuclear digests. That hybridi-
zation is not occuring to spacer regions in the histone genes which 
could be protected in the nucleosome while the coding regions were 
exposed is shown by the results with the Psammechinus nuclear digests. 
Only the conserved coding regions of the Echinus histone gene probe 
would be expected to show cross species hybridization since the spacer 
sequences do not appear to be highly conserved (Birnstiel et al.,1974). 
(Preliminary evidence of Kedes et al.,1975 and Cohn et al.,1976 sug-
gests that the five spacer regions do not share DNA sequences with 
each other or the rest of the genome.) Therefore, the hybridization 
pattern in the Psammechinus digests reflects the distribution of his-
tone coding sequences. Again, the hybridization pattern of the trans-
criptionally inert nucleus (sperm) is the same as the nucleus producing 
histone mRNA (blastula). 
Filter hybridization experiments as described above are not 
quantitative and therefore conclusive statements about the packaging 
of the histone genes cannot be made for the following reasons. Al-
though equal amounts of DNA of each sample were used, there may be 
differential transfer of DNA to the filter and loss of DNA from the 
filters during hybridization giving erroneous results. Also, since 
the histone genes are repeated, not all of the genes may be trans-
cribed at the blastula stage. Indeed, Ruderman et al. (1974) have 
shown developmental specificity in the transcription of histone var-
iants. Consequently, to obtain a quantitative answer, solutionhybrid-
ization was used to determine the histone gene number in the DNA frag-
ments isolated from nuclease digested nuclei from mid-blastula sea 
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urchin embryos and sperm nuclei. First, however, the reiteration 
frequency for the histone genes in the genome of Echinus escuientus 
had to be determined. DNA was isolated from the sperm suspension of 
one male (ca. 20 ml). The sperm was diluted with 0.15 M NaCl, 0.1 M 
EDTA pH 10.5 and lyed with 1% SDS. After a 4 h digestion at 37° C 
with 100 pg/ml pronase, an equal quantity of pronase was added for an 
additional 4 h digestion. After extensive phenol and chioroform-oc-
tanol extractions, the DNA was isopropanol precipitated and redissolved 
in 1 mM EDTA. The DNA was sheared to approximately 200 base pairs by 
sonication for hybridization in vast DNA excess according to the pro-
tocol of Mclii et al. (1971) and Weinberg et al. (1972). DNA at 0.1 
mg/ml in 2xSSC containing 0.1% SDS was heat denatured (100C,7min), 
and placed at 70° C. Immediately 5 x 10 cpm of cRNA made to the 
cloned Echinus histone gene repeat was added. At various times, 
samples were removed and the percent RNA annealed was assayed as des-
cribed in Methods. For comparison with published results (Weinberg 
etal.,1972), a control hybridization with Psammechinus sperm DNA, 
prepared as described above for Echinus, is included. The percentage 
of ribonuclease-resistant RNA was plotted against the product of the 
initial DNA concentration and time on a logarithmic scale (Figure 29). 
The values have not been normalized. The reiteration frequency (F) is 
calculated from the mid-point of the transition (Dot h)  using the 
relationship (Mclii et al.1971): F = DOtc / Dot' X C(exp)/C(E.coii) 
where Dot is the mid-point transition in a control experiment using 
E.coli, and C(exp) and C(E.coli) are the analytical complexities. 
Mclii et al. have determined that the E.coli cRNA trace curve has a 
Doty = 15.9 in 2xSSC at 70C where the analytical complexity of E.coli 
is 2.7 x 1O9. The analytical complexity of sea urchin DNA is 5 x 1011 
dalton (Weinberg et ai.,1972). The Dot for Psammechinus is 3 (which 
Figure 29. Hybridization of Histone cRNA to Total DNA from Echinus 
and Psainmechinus. 
DNA was purified as described from sperm of one individual 
of each species, and sheared to 200 base pairs. Reassoci-
ation in vast nuclear DNA excess with cRNA to cloned Echinus 
histone gene repeat was in 2xSSC, 0.1% SDS at 70° C. Duplex 
formation was assayed by RNase resistance and plotted against 
Cot. The curves have not been normalized. 
Echinus DNA 














compares with the value of 2-3 obtained by Weinberg et al.,1972) and 
the calculated reiteration frequency is 1000 (980). These figures do 
not include corrections for mismatch due to mutation. The Dot for 
Echinus is 2.5 and the reiteration frequency is 1300 (1326). 
Figure 30 shows the results of a similar hybridization with DNA 
from another Echinus individual. This individual's DNA showed a Cot, 
ten times greater (0.2) when hybridized with cRNA made to the cloned 
histone genes. These results were checked by hybridization with radio-
actively labelled (by nick-translation) cloned histone gene DNA where 
hybrid formation was assayed by S1 digestion as described in Methods. 
The same results are obtained indicating that the apparent increased 
number of histone genes is not an artifact of the probe or of the as-
say for duplex formation. To investigate this discrepancy in the num-
ber of histone genes, DNA from both males was digested in parallel 
with various restriction endonucleases, the DNA separated into differ-
ent size classes by 1% agarose gel electrophoresis, and the DNA trans-
ferred to nitrocellulose filter using the Southern (1975) method. Hy-
bridization was as described earlier for transfers with either nick-
translated cloned Echinus histone genes or a histone gene repeat (one 
each of the five major histones plus spacer sequences) from Psamm-
echinus miliaris cloned in pCR1 by M.L.Birnstiel's laboratory and pro-
vided by K.Peden. Hybridization with a Psammechinus probe shouldelim-
mate hybridization of the spacer regions within the histone repeat 
which could have increased in frequency or were hybridizing with 
closely related sequences to produce the increase reiteration frequency 
since only the coding sequences should show cross species hybridiza-
tion. The results are shown in Figures 31 and 32. There are no ob-
vious differences in the histone gene organisation between the two 
individuals except for a decrease in the size of a HndIII band. On 
Figure 30. Hybridization of Echinus DNA with cRNA and Nick-Translated 
Cloned Echinus Histone Genes. 
DNA was purified individually from the sperm of two males 
and sheared to 200 base pairs. Reassociation in vast nuclear 
DNA excess was in 2xSSC at 70"C to either cRNA (•) where 
hybrids were assayed by RNase resistance, or nick-translated 












Figure 31. Comparison of the Histone Gene Organisation in Two Echinus 
Individuals Using a Homologous Probe. 
DNA was isolated from the sperm of each of the individuals 
and 10 ig digested with various restriction enzymes at 37°C 
for 12 h. The DNA was separated into different size classes 
by 1% agarose slab gel electrophoresis and transferred in 
situ to a replica nitrocellulose filter. Localization of 
the histone sequences was by autoradiography after hybrid-
ization with 32 P-nick-translated cloned Echinus histone 
genes. Photograph of ethidium bromide fluorescence and 
autoradiograph are shown. 
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Figure 32. Comparison of the Histone Gene Organisation in Two Echinus 
Individuals Using a Heterologous Probe. 
DNA was isolated from the sperm of each of the individuals 
and 10 ig of DNA digested with various restriction enzymes 
at 37'C for 12 h. The DNA was separated into different 
size classes by 1% agarose slab gel electrophoresis and 
transferred in situ to a replica nitrocellulose filter. 
Localization of the histone sequences was by autoragiography 
after hybridization with 32P-nick-translated clOned Psam-
mechinus histone genes. 
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Figure 33. Kinetics of Annealing of Histone Gene CRNA to Micrococcal 
Nuclease Digested Nuclear DNA. 
Echinus blastula nuclei were digested with 500 U/ml of 
micrococcal nuclease at 37° C for 5 min to produce mono-
nucleosomes. The purified monomer DNA (U) and total sperm 
DNA ( .) were hybridized in excess to cRNA made to cloned 
Echinus histone genes in 2xSSC,0.1%SDS at 70C. Hybrids 
were assayed by RNase resistance. 
Percent RNase Resistance 
-J 	 (.11 
(JI 0 	 fn 
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Therefore, to ensure that there were no differences in the sizes 
of the DNA which would affect the results (in vast DNA excess in solu-
tion the greater the size the slower the rate of renaturation; Bishop, 
1972), the DNA from partial micrococcal nuclease digests of blastula 
nuclei (10 U/mi) and sperm nuclei (100 U/mi) was sonicated to 200 bp 
for the hybridizations. The results are shown in Figure 34. The re-
action has now gone to completion in both hybridizations but the Cot 
for the blastula has increased to 3.5 compared to 2 for the sperm 
nuclei. 
This increase in Cot of the histone genes is probably signifi-
cant and represents preferential digestion of actively transcribed 
genes. These results seem to conflict with published data that micro-
coccal nuclease does not recognize a difference in nucleosome struc-
tures on active or inactive genes (Axel et al. ,1975; Lacy and Axel, 
Reeves,1976; Reeves and Jones,1976). However, when this DNA from 
blastula nuclei was analyzed on a 12% denaturing polyacrylamide gel, 
digestion within the nucleosome was obvious (Figure35A). This is due 
to endogenous nucleases digesting during the isolation of the nuclei. 
Consequently, isolated blastula and sperm nuclei were digested 
with DNase I to confirm this interpretation since Weintraub and 
Groudine (1976) and Garel and Axel (1976) reported that gobin genes 
in avian erythrocytes and ovalbumin genes in chick oviduct cells, res-
pectively, are selectively digested by pancreatic DNase I suggesting 
an altered nucleosome conformation on actively transcribing regions of 
the genome. The Echinus nuclei were isolated as has been described 
and resuspended in 0.01 M Tris,pH 7.4, 0.01 M NaCl, 0.003 M MgCl2 at 
a concentration of 1 x 10  blastula nuclei/ml and 1 x 1010  sperm nuc-
lei/mi. Digestion with 20 pg/mi of DNase I was at 47C for 30 min for 
blastula nuclei and 12 h for sperm nuclei (Figure 35). The DNA was 
Figure 34. Kinetics of Annealing of Histone Gene cRNA to Partial 
Micrococcal Nuclease Digestions of Echinus Blastula and 
Sperm Nuclei. 
DNA from partial micrococcal nuclease digests of blastula 
nuclei (10 U/ml,5 min,37° C) and sperm nuclei (100 U/ml,5 
min,376 C) were sheared to 200 base pairs. Hybridization 
to cRNA made to cloned Echinus histone genes was in 2xSSC, 
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Figure 35. Analysis of Nuclease Digested Echinus Blastula and Sperm 
DNA by Denaturing Polyacrylamide Gel Electrophoresis. 
DNA from nuclease digested nuclei was purified and elec-
trophoresed in 12% polyacrylamide gel containing 7M urea. 
Blastula nuclei digested with 5 U/mi of micrococcal 
nuclease at 37° C for 5 mm 
Blastula nuclei digested with DNaseI (20pg/ml) for 30 
min at 4° C 






Sperm nuclei digested with DNase I (20 )lg/ml) for 12 h 
at 4° C 





isolated according to Peden (1976). Hybridizations at 0.1 mg/ml of 
nuclear DNA with 
32 
 P labelled (nick-translated) cloned Echinus histone 
genes were in 2xSSC at 70C and duplex formation was assayed by S1 di-
gestion. The results are shown in Figure 36. As manifested by a de-
creased Cot 
Y2 
 in the blastula DNA (4 compared to 2 for the sperm DNA), 
there appears to be selective digestion of the histone genes in the 
transcriptionally active nuclei. The lower percentage of hybridiza-
tion in the blastula DNA may reflect the condition of the DNase I di-
gestion products. If the fragments of active histone genes are small 
then they may not form stable duplexes or may anneal at rates below 
inactive fragments. The digestion of only approximately 20% of the 
histone genes in these experiments may also indicate that 20% of the 
histone genes are being actively transcribed in cleavage stage sea 
urchin embryos. 
Figure 36. Kinetics of Annealing of Nick-Translated Cloned Histone 
Genes to DNase I Digests of Echinus Blastula and Sperm 
Nuclei. 
DNA purified from DNase I digestions (20 jig/ml) of blastula 
nuclei (4'C,30 mm) and sperm nuclei 
(40 
C,12h) was hybridized 
to nick-translated cloned Echinus histone genes in 2xSSC 
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Analysis of the organisation of DNA in the metaphase chromosome 
by nuclease digestion revealed an organisation of nucleosomes not seen 
in nuclei from other stages of the cell cycle. Human chromosomes iso-
lated at pH 7.0 (Maio and Schildkraut,1967) were found to retain the 
basic nucleosome structure characteristic of interphase chromatin but 
also to have the nucleosomes organised into a unit of about ten. The 
preferred sites of nuclease digestion within the chromosome produced 
predominantly this unit of ten nucleosomes, with additional units of 
eight, six, and four nucleosomes. In the more extensive digests, one, 
two, and three nucleosomes were found, apparently being derived by ad-
ditional digestion of the larger units. However, without more detailed 
kinetic analyses one cannot eliminate two types of organisation - one 
in single nucleosomes and the other into tighter packages of between 6 
to 10. Since discrete DNA fragments equivalent to more than ten con-
tiguous nucleosomes, as found in nuclear digests, were never resolved 
after digestion of chromoscmes, the occurrence of long regions of 
single nucleosomes is unlikely. 
The digestion of metaphase chromosomes into groups of six to ten 
nucleosomes is biochemical evidence for the solenoid model of nucleo-
some organisation as proposed by Finch and Kiug (1976). They produced 
electron micrographs showing a nucleofilament folded into a solenoid 
with a diameter of 300 A and containing fcur to ten nucleosomes per 
turn. The solenoid has a calculated packaging ratio of 40:1 and seems 
to be equivalent tc Dupraw's basic fibre which is further folded at 
metaphase to achieve a packing ratio of 10,000:1 (1973). The pre-
ferred method of folding at metaphase is currently a "hierarchy of 
helices" (Bak et al.,1977) but as of yet unspecified. 
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The 110 A reflection of X-ray and neutron diffraction studies on inter-
phase chromatin has been attributed by Finch and Klug (1976), Carpenter 
et al. (1976), and Sperling and Klug (1977) to the low pitch angle of 
the solenoid structures. Sperling and Klug found that increasing the 
pH to 9 removes the solenoid structure and the 110 A reflection in the 
X-ray diffraction pattern. These results are supported by the absence 
of higher order organisation of nucleosomes in the human chromosomes 
isolated at pH 10.5 according to the procedure of Wray et al. (1972). 
Although it is curious that evidence of the solenoid structures has 
not been seen in nuclease digests of interphase nuclei, the occurrence 
of the solenoid structures in chromosomes is not unexpected since it 
is reasonable to assume that the basic structures of the interphase 
fibre are retained in metaphase. Alternatively, these structures may 
not be stabilized and exist only transiently in interphase as a 'nat-
ural' state for increased packing which exists at metaphase. 
Finch and Klug found that Hi and divalent cations (0.2 mM MgCl2) 
are necessary to produce this coiling, both of which have been im-
plicated in the maintenance of chromosome structure. When the human 
chromosomes were digested in the presence of EDTA (effectively the 
absence of divalent cations), the chromosomes became more accessible 
to nuclease attack with a reduction in the proportion of the 'units' 
of ten nucleosomes produced and with a concomitant increase in the 
proportion of monomers through to tetramers. Indeed, it may be that 
there are species specific ionic requirements for the maintenance of 
the metaphase state and this would account for the absence of any 
higher order structures in the chromosomes examined from mouse cells. 
Although the L cell chromosomes were isolated at pH 7.0 and appeared 
intact microscopically, only the nuclease digestion pattern charac-
teristic of interphase nuclei was found. 
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The presence of nucleosomes in L cell chromosomes after nuclease 
digestion was also found by Weigler and Axel (1976) who used a pH 7.0 
isolation procedure of Willecke and Ruddle (1975). The presence of 
nucleosomes in L cell chromosomes was also observed in the electron 
microscope by Rattner et al. (1975). Compton et al. (1976) and Howze 
et al. (1976) have confirmed the existence of the nucleosome structure 
at metaphase in Chinese hamster chromosomes isolated at neutral pH by 
both nuclease digestion (Compton et a]..) and electron microscopy 
(Compton et al.; Howze et al.), but there have been no reports of 
higher levels of organisation. 
It may also be possible that endogenous protease activity or 
damage to the histones (e.g. reduction of disulphide bridges) during 
the chromosome isolation is responsible for destroying any detectable 
solenoid structures in the L cell chromosomes. That the isolation 
conditions influence the molecular structure of metaphase chromosomes 
was shown in the analysis of the DNA molecular weight after various 
isolation procedures. That the isolation conditions also influence 
the structure of chromosomal proteins has been shcwn by Garrard et al. 
(1977). Hancock (1974) had previously shown that aerial oxidation 
during the isolation procedure influenced chromatin structure and his 
group recently found it. impossible to develop an isolation procedure 
which would allow preformed H3 disulphide dimers to survive. Garrard 
et al. could not therefore establish the existence of more H3 disul-
phide dimers in vivo at metaphase than interphase, and suggest that 
"their reduction upon cell lysis could result in conformational changes 
in chromatin structure.?? 
Combined trypsin-micrococcal nuclease digestions suggested that 
the effect of the isolation conditions may he on protein interactions 
which could be responsible for maintaining a metaphase state. When 
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chromosomes were digested with tr9psin under conditions which produce 
G-bands and then micrococcal nuclease, the DNA was so digested as to 
remove the capacity for Giemsa staining giving the chromosomes a 
ghost-like appearance. When the sequence of digestions was reversed, 
the chromosomes were G-banded and only slightly less stained. This 
implies that proteins protect the DNA from nuclease and provide the 
'backbone' for the chromosome. When the proteins are attacked, the 
DNA becomes accessible to nuclease and the chromosome is destroyed. 
The change in the distribution of DNA fragments after sequential 
protease and nuclease digestions from a chromosomal pattern to more 
of a nuclear one —more prominent monomer, dimer, and trimer, and 
less prominent decamer - indicates that it may be protein which is 
responsible for the organisation of nucleosomes at metaphase. Since 
the chromosome appears intact after G-.banding, it cannot however be 
entirely responsible for maintaining the condensed state, but there 
is currently no biochemical explanation for higher levels of organisa-
tion. 
This increased protection of the chromosomal DNA to nuclease 
digestion could be mediated by non-histone proteins or histone-histone 
interactions achieved by cross-linking (e.g. disulphide bridges) or 
modification (e.g. phosphorylation). There is some evidence to sug-
gest that it is histone, specifically Hi, which is responsible. The 
alteration of protein-DNA interactions in metaphase chromosomes by 
trypsin digestion to induce G-bands (and as demonstrated in this 
thesis to increase the accessibility of the DNA) has been shcwn by 
Brown et al. (1975) to involve Hi. If Hi (1 mg/ml) is added to fixed 
Chinese hamster chromosome spreads after trypsin treatment, then G-
bands and Giemsa staining is blocked; the other four histones had less 
-effect. Addition of Hi before trypsin treatment had no effect. Their 
"cytochemical data!? also suggests that it is necessary to remove Hi by 
fixation (acid extraction) to induce G-bands: addition of Hi followed 
by Carnoy's fixative or 0.2 N HC1 produces Giemsa staining and G-bands. 
The role of Hi in nucleosome structure during interphase is un-
known. An internucleosomal location is strongly suggested and the re-
moval of Hi results in a "bead with string" structure and an increase 
in the rate of digestion to mononucleosomes (Introduction; Bakayev et 
al.,1977; Shaw et al.,1976; Whitlock and Simpson,1976). When nuclei 
were digested with trypsin and nuclease for comparison with the chrom-
osomal digests as described in Results, trypsin digestion whether be-
fore or after micrococcal nuclease digestion did not have a signifi-
cant influence on the nuclear pattern. Published reports of trypsin-
nuclease digestions of chromatin have been mainly concerned with the 
organisation of DNA within the nucleosome (Sahasrabuddhe and Van Holde, 
1974; Sollner-Webb etal.,i976; Weintraub and Van Lente,1974) and 
have used higher concentrations of trypsin for longer periods of 
time. What is relevant to this discussion is that Hi is one of the 
first histones to be attacked by trypsin with no detectable trypsin-
resistant fragments. (Trypsin digestion was also found to make DNA 
within the nucleosome more accessible to nuclease.) No other effects 
of sequential digestions were obvious and one is therefore left with 
proposing a role of Hi in higher levels of nucleosome organisation. 
In summary, the investigation of the relationship between DNA 
and protein at metaphase presented in this thesis revealed a level of 
nucleosome organisation not found in micrococcal nuclease digestions 
of nuclei. The organisation of DNA in human chromosomes into units of 
four to ten nucleosomes provides biochemical evidence to support the 
electron micrographs of Finch and Klug (1976) which show the inter-
phase nucleofilament folded into supercoils or solenoidal structures 
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with a diameter of 300 l (4-10 nucleosomes per turn). This solenoid 
structure with a packing ratio of 40:1 is not sufficient to account 
for the overall packing ratio in a chromosome but the nuclease diges-
tions do not produce any evidence for higher levels of organisation. 
An examination of chromosome structure by neutron diffraction may be 
more informative. 
The metaphase chromosome was also found to have a protein back-
bone which protects the DNA from nuclease digestion and is responsible 
for the integrity of the chromosome. However, it is important to con-
sider the effects of the isolation conditions on the chromosomes be-
fore any generalizations can be made because the isolation conditions 
are critical for maintaining chromosome structure. 
The importance of the isolation conditions when examining sub-
cellular structures was also confirmed in an analysis of chromatin 
structure in sea urchin blastulae. Of the numerous nuclei isolation 
procedures tested, none was successful in preventing digestion by 
endogenous nucleases. However, sufficient nucleosome structure was 
retained to produce 'ladders' after digestion with micrococcal nuc-
lease. 
A comparison of the nucleosomal DNA content of blastula nuclei 
with sperm nuclei in two different species of sea urchins (using the 
same isolation method - Levy et al. ,1975) showed more similarity in 
the size of the DNA repeat length in the same cell type from differ-
ent organisms than different cell types in the same species. Hence, 
the DNA repeat length in blastula nuclei from Echinus esculentus was 
190 ± 10 base pairs and from Psammechinus miliaris was 180 ± 10 base 
pairs, while the sperm DNA repeat length of Echinus was 210 ± 10 base 
pairs and Psammechinus was 220 ± 10 base pairs. These measurements 
were based on the multiple repeat lengths to eliminate alterations in 
size from exonucleolytic degradation. The sizes compare with the es-
timates of Arbacia lixula gastrula cells - 218 base pairs, and sperm 
cells - 241 base pairs made by Spadafora et al. (1976). It should be 
noted that these estimates were obtained by comparing the mobility of 
sea urchin DNA fragments to those of rat liver chromatin rather than 
against more accurate restriction endonuclease digest fragments. 
It should be emphasized that the comparisons of DNA repeat 
lengths should not be made just between different species but between 
the same cell types of different species. This observation was con-
firmed by Thomas and Thompson (1977) recently who found different re-
peat lengths in two cell types from the same tissue (neurons and glial 
cells of rabbit cerebral cortex). 
An investigation of the chromatin structure of actively trans-
cribed genes showed that approximately 20% of the histone genes in 
sea urchin blastulae were reproducibly sensitive to digestion by 
nucleases which cleaved within the nucleosome. The actively trans-
cribed sequences appear to be packaged in nucleosomes and do not 
exist as nucleosome-free DNA, although the relationship between DNA 
and protein is altered enabling increased digestion by nucleases. 
When the distribution of histone genes was examined in the mic-
rococcal nuclease digests of blastula nuclei and sperm nuclei by hy-
bridization to a nitrocellulose replica of the agarose gel, it was 
qualitatively demonstrated that sequences coding for histones in both 
transcriptionally active and inactive nuclei were packaged in nucleo-
somes. Because the histone genes are reiterated, it was not possible 
from these experiments to determine if all or only most of the histone 
genes were present in nucleosomes. It is unlikely that it is neces-
sary to transcribe all 1000 copies during mid-cleavage and there are 
known tissue specific and developmental variants of the histones 
97. 
(Cohen et al.,1975) which one would not expect to be transcribed at 
that time. Therefore, solution hybridization is necessary to obtain 
a quantitative answer. 
Another qualitative approach to examining the structure of trans- 
criptionally active genes is an electron microscopic analysis of the 
amplified ribosomal genes in amphibian oocytes (Francke et al.,1976; 
Scheer et al.,1976A&B; Woodcock et al.,1976B). These experiments in-
dicated that the amplified ribosomal genes in amphibian oocytes are 
devoid of globular structures recognizable as nucleosomes when maxi- 
mally active (as determined biochemically). Moreover, comparisons of 
the length of the repeating units of the rDNA in the transcribed state 
with those determined in the isolated rDNA was not significantly short-
ened or condensed (Francke et al.,1976). 
However, biochemical evidence suggests that micrococcal nuclease 
cleaves chromatin both active and inactive in transcription into 200 
base pair fragments (Axel et al.,1975; Kuo et al.,1976; Lacy and Axel, 
1976; Reeves,1977; Reeves and Jones,1976). For example, the annealing 
studies of Lacy and Axel with eDNA demonstrate that the frequency of 
sequences transcribed as poly(A) mRNA is the same in nucleosomes and 
total nuclear DNA. When duck globin eDNA was titrated with monomeric 
or total nuclear DNA, Lacy and Axel found that the reiteration fre-
quency of the globin genes was the same in monomer as in total DNA. 
The results presented in this thesis which showed a reduced re-
iteration frequency of histone genes after micrococcal nuclease di-
gestion of nuclei in which they are being transcribed, seems tc con-
flict with similar published biochemical analyses and support the 
electron microscopic observations. When monomer DNA from blastula 
nuclei was hybridized to a cloned, homologous histone gene probe, 
only 40% of the probe was driven into hybrids, whereas total sperm 
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DNA drove 75% into hybrids. This inability of the monomer DNA to drive 
the reaction to completion was shown to be a function of its size be-
cause blastula nuclear DNA partially digested by micrococcal nuclease 
and sheared to 200 base pairs hybridized to the same extent (75%) as 
sperm nuclear DNA similarly treated. However, the blastula DNA re-
annealed more slowly than the sperm DNA indicating a reduction in 
histone gene frequency in nuclei transcribing the histone genes. 
This is interpreted as selective digestion by micrococcal nuclease 
of regions of the genome active in transcription. But when the mic-
crococcal nuclease digested blastula DNA was analyzed on denaturing 
polyacrylamide gels, it was found that endogenous nucleases were 
digesting within the nucleosome. So in fact, this decrease ij the 
frequency of transcribed histone genes supports the results obtained 
by Garel and Axel(1976), Levy and Dixon(1977), and Weintraub and 
Groudine (1976). Weintraub and Groudine first showed that DNase I 
digested nuclei resulted in selective digestion of transcribed genes 
(globin) in avian erythroid cells as indicated by a reduction in the 
percentages of globin cDNA hybridized to DNase I digested DNA (50%) 
compared to total DNA (94%). Similarly, the ovalbumin genes were not 
preferentially digested in cells that did not produce ovalbumin. 
Garel and Axel (1976) found a reduced rate of annealing to oval-
bumin cDNA with DNA from DNase I treated chick oviduct nuclei which 
are actively transcribing the ovalbumin genes. A Cot value of 2000 
was obtained which is 3.3 times that observed with digested liver 
DNA. They also found that when mononucleosomes derived from a micro-
coccal nuclease digestion were digested with DNase I, the active 
genes were not selectively digested. They conclude that "long-range 
effects" are responsible for maintaining the conformation about ac-
tive genes. It is possible that non-histone proteins which are lost 
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during digestion by micrococcal nuclease (Bakayev et al.,1977) are in-
volved in the Garel and Axel long-range effects. The increased nuc-
lease accessibility may be as proposed by Weintraub et al.(1976) a 
result of the nuclesome, with a dyad axis of symmetry, opening up into 
separate halves to allow genetic readout without histone displacement. 
The effects of DNase I on genes active in transcription was con-
firmed when a reduction in the concentration of histone genes was 
found after DNase I digestion of sea urchin blastulae nuclei compared 
to sperm nuclei. 
Several technical points should be made concerning these experi-
ments. First, the degrees of nuclease digestion is usually monitored 
by acid precipitation but since extensive digestion occurred during 
the isolation of the blastula nuclei, it was found not to be very in-
formative. Therefore, the extent of nuclease digestion was monitored 
by gel electrophoresis. 
The second point is that our limited knowledge of eukaryotic 
transcription does not allow a definition of "actively transcribed" 
in anything but relative terms. Most frequently measured is the pro-
portion of an RNA species in the total cellular RNA and the transla-
tion of that RNA; from those measurements one estimates the degree of 
transcription. But those measurements will also reflect processing 
and turnover rates as well as efficiency of translation. For example, 
one assumes that in the terminally differentiating avian reticulocyte 
that it is necessary to have a high rate of transcription to accom-
plish the necessary globin production. Likewise, a rapidly dividing 
population of embryonic cells needs a concomitant high rate of histone 
protein synthesis to accompany DNA synthesis and hence one explains 
the reiteration of the histone genes as meeting this demand. However, 
the phenomenon of allelic exclusion in immunoglobulin production and 
X-chromosome inactivation (see Harris,1975) may be more widespread 
than currently recognized and the cell may not need a high rate of 
transcription to sustain the high protein production. Since one has 
no measure of the actual transcription, the results of nuclease di-
gestion of "actively transcribed regions" cannot be accurately eval-
uated. 
As estimated by their nuclease accessibility, transcription of 
20% of the histone genes (about 300 copies) is necessary to sustain an 
S phase of 30 min in Echinus blastulae. Recently Panet and Cedar (1977) 
have used a similar approach to analyze the transcriptional state of 
proviral genes. Eighty percent (ca. 8 copies) of Moloney murine leu-
kemia proviral sequences in mouse cells was found to be selectively 
digested by nucleases and therefore considered active. 
The final and most important point is that histone migration 
cannot by eliminated in the experiments reported here or in any pub-
lished studies. Although histone exchange can be monitored by protec-
tion of exogenous DNA from nuclease digestion (Clark and Felsenfeld, 
1971) histone migration is at present impossible to detect. The salt 
conditions used in these experiments are reported not to promote his-
tone exchange, and isolated sea urchin blastulaeAare capable of in 
vitro histone gene transcription (Shutt and Kedes,1974) suggesting 
that histone rearrangement has not occurred. But possibly the most 
convincing demonstration that histone rearrangement has not occurred 
to any significant extent in the experiments described here is the 
marked difference between sea urchin blastula nuclei and sperm nuclei 
with respect to the distribution of histone genes by the criterion of 
nuclease accessibility. If redistribution of histones had occurred 
then little difference between the two should have been found. In 
conclusion, nuclease accessibility has provided a method, at least 
initially, for analyzing chromatin which is active in transcription. 
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